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ABSTRACT 
Experimental and analytical investigations show that connections in space structures 
normally behave in a semi-rigid manner. In order to take into account the semi-rigidity 
of connections in analysis, two important obstacles need to be removed. Firstly, 
reliable ways must be found to predict the behaviour of the connection itself. Secondly, 
suitable methods should be evolved for modelling of the connections in structural 
systems. It will then be possible to identify the effects of the connections on the 
structural performance. This thesis presents an attempt to develop reliable and effective 
techniques for the prediction of connection behaviour in space structures. In addition 
to conventional approaches, new techniques based on the system identification method 
using artificial neural networks and genetic algorithms are employed. Also, the effects 
of a compressive axial force on the moment-rotation behaviour of a ball jointed system 
have been studied experimentally and analytically. 
Static and dynamic analysis of semi-rigidly jointed space structures has been achieved 
by modelling of the connection behaviour under monotonic and cyclic loading using a 
non-linear analysis program. A major part of the thesis is devoted to the study of the 
effects of semi-rigidity of connections on the behaviour of space structures. Firstly, the 
effects of semi-rigid connections on a grid dome with different span to rise ratios have 
been studied. Then, the effects of the axial force-displacement behaviour of a space 
structure jointing system on two foldable domes have been investigated. Also, the 
effects of axial force-bending moment interaction on a space structure have been 
examined. Finally, a preliminary study of the effects of proportional and non- 
proportional loading on a semi-rigidly jointed space structure has been presented. 
In addition, the sources of uncertainty related to connections and their effects on 
structural performance have been studied. Two important classification systems have 
been assessed for space structure jointing systems and a classification system for space 
structure connections has been proposed. Conclusions and recommendations for 
further research have been given in the final part of thesis. 
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CHAPTER 1 
INTRODUCTION 
1-1 Introduction 
The analysis and design of lattice space structures are normally simplified by using the 
assumption that the connections behave as pinned or as rigid joints. However, the 
actual behaviour of the joints does not conform to either of these extremes. The actual 
response of most practical connections will fall somewhere between these two cases, 
resulting in what is generally termed `semi-rigid' behaviour. Semi-rigidity of 
connections in structural analysis can be allowed for but depends on the availability of 
" reliable and efficient methods for the prediction of connection stiffnesses and 
" reliable and efficient analysis methods. 
The accurate derivation of the stiffnesses of semi-rigid joints may not be possible by 
using a purely analytical approach. This is due to the fact that the state of stress and 
strain in a semi-rigid connection is very complex. The complexity is due to the 
presence of irregularities, stress and strain raisers, discontinuities, localised constraints, 
widespread inelasticity and material hardening and softening. Although significant 
progress has been made in the prediction of connection behaviour, there are still major 
shortcomings in existing approaches. Prediction methods generally only consider 
rotational degrees of freedom without allowing for the coupling of and interaction with 
other degrees of freedom. Researchers have found that there can be significant 
differences between the connection stiffness values predicted by existing theories 
compared with the actual test results [15]. 
1-2 Organisation of the Thesis 
This thesis has nine chapters and three appendices. 
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Chapter 2 deals with a wide-ranging review of the research background related to the 
subject of semi-rigid connections. The field of research is divided into three areas, 
namely, 
1. modelling of semi-rigid connections, 
2. static and dynamic analysis of structures with semi-rigid connections and 
3. studying of the effects of semi-rigid joints on the behaviour of space structures. 
Chapter 3 presents extensive methods for the prediction of space structure joint 
stiffnesses. Conventional and advanced methods are used for the prediction of 
connection behaviour. As well as proposing mathematical techniques, novel methods 
such as neural networks and genetic algorithms are employed. The proposed techniques 
allow not only estimation of the rotational stiffness of a semi-rigid connection but also 
prediction of the stiffness matrix for a connection. 
Experimental studies of the `axial force-bending moment' interaction in a connection 
are the subject of Chapter 4. In a space structure, each connection can be subjected to 
different ratios of axial force and bending moment. The interaction of the axial force 
and bending moment in a semi-rigid connection is a complex phenomenon and a 
mathematical model that represents this phenomenon has not been reported in the 
literature. 
An experimental procedure is presented in Chapter 4 that enables realistic testing of a 
space structure jointing system by applying different combinations of axial force and 
bending moment to the connection. The test procedure has been used in 12 
experiments to study the behaviour of a practical ball jointing system, namely the 
MERO jointing system. 
Chapter 5 covers the general topic of non-linear analysis of semi-rigidly jointed space 
structures. In this chapter, a three dimensional connection element has been defined 
and incorporated into a general purpose finite element program. This three dimensional 
element allows 
" modelling of offset, eccentricity, slip and looseness in a connection, 
" modelling of interaction between axial force and bending moment and 
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" modelling of cyclic behaviour of a connection based on a proposed mathematical 
model for steady and non-steady state hysteretic responses. 
In order to compare the efficiency and accuracy of this connection element with other 
numerical and experimental results, a number of examples are considered. 
The effects of semi-rigidity of connections on the behaviour of space structures are 
considered in Chapter 6. First of all, the effects of semi-rigid connections on a grid 
dome with different span to rise ratios are studied. In the second section, the effects of 
axial force-displacement behaviour of a kind of space structure jointing system on two 
foldable domes are investigated, analytically and experimentally. In the next section, 
the effects of axial force-bending moment interaction on a space structure are 
examined. Finally, a preliminary study on the effects of proportional and non- 
proportional loadings on a semi-rigidly jointed space structure is presented. 
The objective of Chapter 7 is to discuss the sources of uncertainties in relation to 
connections and their effects on structural performance. Uncertainties in the behaviour 
of complicated parts of a structure, such as connections, are considerable and 
frequently much greater than those in the main structural elements, even in the 
laboratory. 
In general, there are two major sources of uncertainties in the joints: 
" uncertainties associated with the representation of the joint model and 
" uncertainties associated with quantifying its behaviour. 
There are some doubts about the validity of assigning a fixed moment-rotation curve 
for a connection obtained from experimental data. Two main reasons for these doubts 
that are significant in space structure jointing systems, and have been studied by the 
author, are namely, 
" interaction between forces and moments and 
" degree of connection tightness. 
In chapter 7, the effects of uncertainty due to the degree of connection tightness (lack 
of fit) for a ball jointing system on a grid dome is studied. 
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Chapter 8 is concerned with the classification of connections. A crucial aspect in the 
analysis of space structures is the decision relating to the manner in which the 
connections are to be modelled. This depends on the configuration and dimensions of 
the structure to be analysed as well as the material and the type of the connections 
employed. The analytical models for a connection are normally considered to be of 
three types, namely, pinned, rigid and semi-rigid. 
A number of attempts at connection classification have been reported and among 
these, two classification systems have received more attention. These are 
" the classification system in Eurocode 3 [40] and 
" the classification system by Bjorhovde et al [15]. 
These two classification systems have been developed for beam-to-column 
connections. The classification system by Bjorhovde is intended for the case where 
prior knowledge of the member details is not available. On the other hand, Eurocode 3 
proposes a classification system which is based on the load carrying capacity of the 
frames. Bjorhovde's classification system also specifies the required rotation capacity 
of a connection, but this is not considered in Eurocode 3. 
In order to appraise the two classification systems, a parameteric study has been 
carried out by the author on the effects of connections on compression member 
behaviour. Chapter 8 also includes a proposal for a classification system for 
connections. 
Chapter 9 is concerned with the conclusions of the research and recommendations for 
further research. 
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CHAPTER 2 
PREVIOUS WORK 
2-1 Introduction 
Research into the behaviour of structural steelwork connections may conveniently be 
considered under two headings. 
1. The performance of the connections under the applied load 
2. The performance of the structure influenced by the connection effects 
The traditional approach considers the performance of the connections themselves, e. g. 
work that results in design models for the load-carrying capacity of particular forms of 
connection. The second approach considers with the ways in which connection 
behaviour influences the performance of the whole structure. A prerequisite for such 
studies, of course, is an understanding of the load-deformation behaviour of the 
connection, specifically its stiffness and deformation capacity. One means of obtaining 
such information is from the first type of study, although this might well have to be 
augmented so as to provide additional information. Thus both aspects of the problem 
are essentially complementary and should be treated under a common theme covering 
both the behaviour of connections themselves and their influence on the performance 
of the structure. 
Previous work in the field of semi-rigid joints can be conveniently divided into three 
types: 
1. modelling of semi-rigid connections, 
2. static and dynamic analysis of structures with semi-rigid connections and 
3. studying the effects of semi-rigid joints on the behaviour of structures. 
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2-2 Modelling of Semi-rigid Connections 
The prediction of joint behaviour is the first step in the modelling of semi-rigid 
connections as structural elements. Nethercot and Zandonini [103] reviewed the 
methods available for prediction of beam-to-column behaviour. They classified 
methods of prediction into four categories as follows: 
1. prediction using mathematical expressions, 
2. prediction by simplified analytical models, 
3. prediction by mechanical models and 
4. prediction by finite element analysis. 
There are several mathematical expressions reported in the literature for representing 
the moment-rotation behaviour of various types of beam-to-column connections. 
These expressions have been developed primarily from experimental studies. Some of 
these mathematical models are not suitable for prediction of semi-rigid connection 
behaviour. They represent only the behaviour of connections based on experimental 
and numerical results. However, in others, parameters are related to the physical and 
mechanical properties of the connections and those parameters can be found 
analytically. 
Early mathematical models used a linear moment-rotation (M-9) model for the 
description of the connection behaviour for the whole range of the connection 
deformation [86,98,122]. Since non-linearity in the connection behaviour normally 
occurs in the first stage of the loading, a linear model can only be applicable in a 
limited range of the initial rotation. The piecewise linear model is an extended form of 
linear model that is composed of a series of straight-fine segments. Bilinear [88,125], 
trilinear [97] and multilinear models are examples of the piecewise linear model. This 
model, besides the initial stiffness requirement, can also satisfy the strength 
requirement of the connection. However, some researches have stated that the abrupt 
changes in the connection stiffness at the transition points of the linear segments make 
their practical use difficult [6,21]. 
Jones, Kirby and Nethercot [70,71 ] proposed a cubic B-spline model to obtain a more 
suitable function. However, this model requires large numbers of sampling data for the 
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formulation process. In other words, the cubic B-spline model is effectively a curve 
fitting technique. 
Frye and Morris [45] have proposed a polynomial model to evaluate the behaviour of 
connections. In this model, the M-9 behaviour is represented by an odd-power 
polynomial. 
Lui and Chen [90] used an exponential function to curve fit the experimental M-0 
data. This model represents the monotonic non-linear connection behaviour well. 
However, if there are some sharp changes in the slope of the M-6 curve, this model 
cannot represent it adequately [24]. Kishi and Chen [76] refined the Lui-Chen 
exponential model to accommodate sharp changes in the slope of the M-9 curve. Other 
exponential models have been reported by Yee and Melchers [151] and Wu and Chen 
[148]. The Yee-Melchers model includes four parameters, namely, the initial 
connection stiffness, strain-hardening connection stiffness, plastic moment capacity and 
a constant. The Wu-Chen model is a three-parameter model involving initial 
connection stiffness, ultimate moment capacity and a shape parameter. 
Power models are also proposed by a number of researchers. Colson and Louveau [33] 
and Kishi and Chen [76] proposed a similar model using three parameters, namely, 
initial connection stiffness, ultimate moment capacity and a shape parameter. Ang and 
Morris [10] used a standardised Ramberg-Osgood function in the power form. The 
Ang-Morris model is composed of four parameters. Richard et al [124] analytically 
described the M-8 curve of a single plate connection with a non-dimensional power 
model. 
The simplified analytical models have also been used for the prediction of the 
connection behaviour [103]. The usual approach in this methods involves: 
" observation of test behaviour to identify the major sources of deformation in the 
connection, 
" elastic analysis of the initial loading phase, concentrating on the key components, to 
predict initial connection stiffness, 
" plastic mechanism analysis for the key components to predict ultimate moment 
capacity, 
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" verification of the resulting equations with test data and 
" description of the connection behaviour by curve fitting using the calculated initial 
stiffness and ultimate moment capacity values in suitable expressions 
Mechanical models were developed by several researchers for the connection itself as 
well as for the whole joint. The complexity of the connection behaviour, however, 
makes it quite difficult to set up simple models that are of general validity. This 
approach has therefore been pursued only for connections where the number of 
physical governing parameters are limited. Generally, the connection is conceived as a 
set of rigid and deformable components representing the behaviour of elemental parts. 
The non-linearity of the connection's response is then accounted for by inelastic 
constitutive laws adopted for the deformable elements, obtained from test data or from 
analytical models. The accuracy of this method relies on the degree of refinement and 
accuracy of the assumed load-deformation laws for the principle connection 
components. 
A number of analytical studies of beam-to-column connection behaviour using the 
finite element method have been reported [13,74,75,83,130]. The results of these 
studies indicate that the finite element method can be used for estimation of the 
connection behaviour and it can be used as a tool to develop constitutive relationship 
curves. However, Chen [24] believes that the finite element approaches are 
unacceptable for practical use because cumbersome calculations are required for 
consideration of the material and geometrical non-linearities. In fact, the non-linearity 
of the analysis is not only due to the geometric and material non-linearities but also 
caused by contact conditions. Contact conditions have been shown to lead to severe 
non-linearities and difficulties in convergence. Nevertheless, it should be recognised 
that, despite substantial and continous progress, some of the requirements for the 
accurate simulation of joint response appear, as yet, to be unsolved [103]. 
More recently, two other methods have been used for the prediction of joint behaviour. 
These methods involve 
" artificial neural networks [1,9,25] and 
" system identification methods [123,147]. 
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Neural networks, as a new computation model, provide a fundamentally different 
approach to the derivation and representation of connection behaviour relationships. In 
this approach no predefined mathematical relationships between the variables are 
assumed. Instead, the neural network learns by examples fed to it [51]. Some 
applications of neural networks in civil and structural engineering can be found in 
reference [27]. Anderson et al [9] used neural networks for the prediction of minor 
axis steel connections. They used the results of 21 tests for training a neural network. 
The trained neural network was used to predict bilinear moment-rotation 
characteristics for minor-axis connections. Abdalla and Stavroulakis [1] used a number 
of experimental moment-rotation curves for the single-angle and single-plate beam-to- 
column connections to train the neural network. The results show the feasibility of the 
method. 
The system identification method is defined as the inverse problem of the system 
analysis. Instead of using a model of the system to predict how the system will respond 
to given inputs, the response of the system to known inputs is observed and used to 
deduce a model for the system. In this method, it is assumed that a mathematical model 
of a structure is a function of the stiffness of the connection. The stiffness of the 
connection is obtained by minimising the discrepancies between the response predicted 
by a numerical model and the response observed in the course of an experiment or 
operation. Wong and Mak [147] used the identification technique to estimate the 
rotational stiffness of a semi-rigid connection of a steel frame structure. They used the 
least square method to determine the parameters of the rotational spring model. 
The connection models used so far represent the behaviour under monotonic loading. 
In addition to these models, models for cyclic loading have also been presented in view 
of the necessity to analyse the behaviour of semi-rigidly jointed structures subject to 
seismically induced loads or alternating wind loads. 
It is clear that connections can be subjected to unloading and reloading even though 
the structure overall may not be subjected to any actual load reversals. Incremental 
analysis of semi-rigid steel structures reveals that unloading and reloading may take 
place at the connections, even though the structure is subjected to increasing loads. 
The ability to represent all the components of the connection behaviour is therefore 
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important if a numerical simulation of the response of a structure is undertaken. This 
becomes vital in the case of structures where wind loads may cause the connection to 
experience full load cycles and obviously even more important if the structure is 
subjected to seismic forces. 
Under dynamic loading, non-linearity of a semi-rigid connection will result in a 
hysteretic loop in the constitutive relationship curve due to cyclic displacement at the 
connection. From the cyclic behaviour point of view, the connection constitutive 
relationship curve can be 
" stable or 
" unstable. 
The constitutive relationship can be considered stable if it exhibits the same behaviour 
as the monotonic test even if the number of cycles increases. On the other hand, the 
behaviour is considered unstable when the stiffness decreases with the number of 
cycles. 
Since, for connection behaviour under cyclic loading, there are not enough 
experimental data, it is difficult to use curve fitting techniques to represent the 
constitutive relation. Compared with mathematical models developed for static 
behaviour of connections, only few models have been proposed for cyclic behaviour of 
connections [6,57,94,95,97]. These models can be classified into the following 
categories: 
1. mathematical models based on Masing's hypotheses, 
2. mathematical models based on bounding surface and hardening rules and 
3. other models. 
Popov and his co-workers used Masing's hypotheses with a Ramberg-Osgood function 
for a study of cyclic yield reversal in steel building connections [117]. They found that 
a mathematical representation of a hysteresis curve using a Ramberg-Osgood 
relationship and Masing's hypotheses is very satisfactory in the absence of slip. 
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Moncarz and Gerstle [97] proposed tri-linear moment-rotation hysteresis loops based 
on a bounding surface and kinematic hardening rule. Al-Berman [6] proposed a 
mathematical model based on a bounding line. Goto et al [57] introduced a model 
based on a bounding surface with `internal variables'. In their model, the moment- 
rotation relation is defined in incremental form, where the tangent stiffness of the 
connection is expressed in terms of the initial stiffness and the plastic tangent stiffness. 
In addition to mathematical models, an analytical study for the prediction of the cyclic 
hysteretic behaviour of beam-to-column connections using the finite element method 
has been reported. Kukreti and Biswas [82] used finite element method to predict the 
cyclic hysteretic behaviour and the failure of end-plate connections. They modelled the 
in-elastic behaviour of the materials using incremental plasticity theory described by the 
von Mises yield criterion and Mroz's kinematic hardening model. Their finite element 
model for a specific connection was found to be able to predict the bending moment in 
the connection at any rotation level with less than 18% difference from available 
experimental results. Energy dissipation of individual cycles of the same relative 
rotation level of the connections was found to be comparable with a maximum 
difference equal to 15% between analytical and experimental results. 
For the prediction of connection behaviour, the flexibility of connectons is modelled by 
springs. The behaviour of the springs separately represent the moment-rotation and 
force-deformation curves for moments, axial and shear forces. Thus, there is no 
interaction between the springs. The interaction between forces and moments may be 
considered implicitly in each of force-deformation or moment-rotation relationship. 
In the field of space structures, the performance of joints used in space structures has 
been the subject of intensive research during the last decade. Most studies have 
concentrated on the tensile or compression strength of the joints [84,92,111 ]. Tests 
have showed that butt welded joints in steel can develop up to 100% efficiency for 
tensile members, but welding of aluminium structural alloys leads to unavoidable 
annealing which can reduce efficiency to the order of only 50%. The efficiency of 
bolted joints rarely reaches 70-75% of the strength of welded connections [92]. 
An experimental investigation of the ORONA space structure jointing system under 
axial force was carried out by Parke [I I I]. The principal aim of the investigation was 
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to assess the response of the node assembly at various load levels and in addition to 
determine the ultimate load-carrying capacity and failure mode of the joints. Parke 
found that failure in every case was due to a tension member pulling out from the 
central node. The high tensile bolts used to attach each member to the node stripped 
the thread from inside the node. All of the thread failures were very sudden. 
The axial and flexural rigidities of the TUU-S ball jointing system were studied 
experimentally by Ueki et al [140]. The effect of a constant axial force on the moment 
rotation behaviour also was investigated. The results indicated significant effects of 
axial force on the moment-rotation characteristics of the joint. 
Shibata et al [132] investigated experimentally the moment-rotation behaviour of three 
types of ball jointing system, namely, S 14, D 14 and D06. 
Murtha-Smith et al [101] studied experimentally and analytically the load transfer 
mechanisms in `Unstrut System 1'. They found good correspondence between finite 
element analyses and experimental results. However, failure of the end lug was not 
predicted and failure of the inside lug appears to have occurred at lower than predicted 
loads as indicated by tests. 
The behaviour of two types of slot jointing system under a tensile force was 
analytically and experimentally investigated by Zhao et al. They found that the slot 
joints good perform well and possess reasonable ductility. 
The moment-rotation behaviour of two different sizes of MERO jointing system were 
obtained experimentally by McConnel et al [96] during investigation of the behaviour 
of a single layer grid dome. 
In the field of space structures, no prediction methods for the jointing systems have 
been considered in the literature. In fact, prediction methods facilitate semi-rigid 
analysis. 
2-3 Static and Dynamic Analysis of Structures with Semi-rigid Connections 
Several methods of analysis for semi-rigidly jointed structures have been presented in 
the literature[5,8,19,23,50,116,131,137,149,150]. These methods cover a wide range 
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of applications such as static and dynamic analysis with small and large deflections, 
linear and non-linear material constitutive relationships and joint flexibility. 
Pippard and Baker [115] and Rathbun [122] used the slope deflection and moment 
distribution methods to analyse frames with semi-rigid connections. 
Monforton and Wu [98] incorporated the effects of semi-rigid connections into the 
matrix stiffness analysis method using a linear semi-rigid connection factor to modify 
the member stiffness matrices and the fixed-end force vectors. 
Romstad and Subramanian [125] modified conventional techniques for the elastic 
stability analysis of frames to incorporate the effects of flexible connections by 
assuming a bilinear model for the M-0 curve for the connection. 
A basic formulation for allowing for linear elastic connections with every possible 
degree of freedom at the ends of prismatic structural members has been derived for 
linear elastic analysis of space frameworks by Lightfoot and LeMessurier [86]. 
Ackroyd and Grestle [2] described a computer program that accounts for both the 
material and geometric non-linearities of members and connections in the analysis of 
planar semi-rigidly jointed frames. 
Jones et al [71] and Nethercot et al [105] presented a method of maximum strength 
analysis for steel columns with semi-rigid connections, incorporating the B-spline 
model for the connections. 
Chen and his co-workers [23,24,55,90,91] presented a computer-based analysis 
method for planar frames with semi-rigid joints, incorporating an exponential model for 
the connection. 
Most of the analytical methods consider only in-plane flexural deformations of the 
connections within planar rectangular frames. Relatively few investigators [18,53,143] 
have made any progress on semi-rigid end restraints with out-of-plane degrees of 
freedom, such as twisting, lateral bending and lateral shear. In relation to space 
structures, end restraint provided in these degrees of freedom is important when 
studying structural behaviour. 
In general, there are two basic approaches for incorporating connection flexibility into 
the stiffness method of structural analysis. 
25 
" The first approach involves modification of the element stiffness matrices to take 
account of the semi-rigidity of the connections. 
" The second approach assumes that a semi-rigid joint can be represented by a 
number of `springs' and treats these springs as separate elements. 
2-4 Effects of Joints on Behaviour of Space Structures 
In contrast to steel rectangular frame structures, limited studies have been carried out 
on space structures. Some studies have been carried out to consider the effects of 
joints on the stability of shallow single layer lattice domes and the behaviour of double 
layer grids. Experimental results on member and assembled space structures show that 
the degree of rigidity of the joints can have significant effects on the behaviour. 
Murakami [100] studied analytically the elastic buckling behaviour of a semi-rigidly 
jointed single layer latticed dome under gravity load. In this case, the semi-rigidity of 
the connections was modelled by a rigid part and rotational spring at the two ends of 
the elastic beam element. The behaviour of the rotational springs was considered to be 
linear with respect to the flexural stiffness of the beam element. The following points 
can be concluded from Murakami studies on the elastic buckling load of the dome: 
" connection semi-rigidity has a significant effect on the behaviour of the dome, 
" the behaviour of a semi-rigidly jointed structure lies between the pin and rigidly 
jointed cases and 
" the variation of the behaviour with respect to the connection semi-rigidity depends 
on a number of parameters such as the dome configuration, slenderness ratio of the 
beam elements and the buckling modes. 
Rashed et al [121] studied the collapse behaviour of space trusses with a TM jointing 
system. They stated that experimental investigations of joint behaviour and member- 
joint interaction have shown that bolted connections are able to undergo large 
rotations which may take place after buckling. 
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Fathelbab [41,42] investigated experimentally and analytically the behaviour of a single 
layer grid dome with a MERO jointing system. The results indicate the significant 
effects of connection stiffness on the load-deflection behaviour of a dome (Figure 2-1). 
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Figure 2-1 
Lightfoot and LeMessurier [87] studied the instability of space frames with elastic 
semi-rigid connections. They developed a computer program to consider the linear 
elastic connections. The structure studied was a scaffold tower. The results indicated 
that considering the connection flexibility in the analysis provides accurate prediction 
of the elastic instability strength of such frames. They found that flexibility coupling 
causes a reduction of more than 50% from the fully rigid condition. 
Saka and Held [128] investigated experimentally and analytically the effects of joints 
on the strength of space frame trusses. They derived the elastic buckling loads of space 
trusses from the slope-deflection equation for members under axial force, including the 
effects of dimensions and rigidities of the joints. They found good agreement between 
the results of semi-rigid analysis and experiments. They stated that in many cases, the 
buckling load of an elastically connected space truss becomes greater than that of the 
corresponding pin jointed truss. However, if the rotational rigidities of the joints with 
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finite dimensions are too small, the buckling loads become smaller than the pin jointed 
case. 
Kato et al [72] studied the effects of joint rigidity on the buckling strength of single 
layer lattice domes. They found that the member strength curve can be expressed in 
terms of the modified generalised slenderness which reflects the reduction of the elastic 
buckling loads due to the semi-rigidity of the connection. 
Ueki et al proposed an analytical approach for evaluating the ultimate strength of space 
structures in conjunction with experimental studies on single-layer lattice domes. They 
considered linear rotational springs at the two ends of the elements. They found good 
agreement between numerical and experimental results. 
Shibata et al [132] investigated analytically and experimentally the ultimate strength of 
single layer reticular domes. They confirmed that the jointing system plays an 
important role in the ultimate strength of the domes. 
Fujimoto et al [46,47,49] studied experimentally and analytically semi-rigidly jointed 
domes. 
Based on an experimental study, Schmidt [129] concluded that the joint rotational 
stiffness affected the truss response in two ways: it safeguarded against the inherent 
rotational instability of joints caused by eccentricity of the member centroidal axes. 
Additionally, the joint stiffness may influence the member buckling characteristics. 
El-Sheikh [39] studied the behaviour of three double layer grid structures with a 
MERO jointing system. He found that the overall behaviour and failure mode of the 
structures was influenced by the flexural stiffness of the connections. The flexural 
stiffness affects the degree of end fixity developed in the double layer grid members 
and consequently affects their buckling strength (Figure 2-2). The difference between 
the experimental results and analyses using pin jointed elements was greater than 20% 
in terms of the ultimate load but there was good agreement between experimental 
results and semi-rigid analyses. However, there was considerable difference between 
the experimental results and semi-rigid analyses for the limit points of the load- 
deflection curves. 
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Figure 2-2: Load-deflection curves obtained experimentally and analytically for two 
models 
29 
Kitipornchai and Al-Bermani [78] investigated theoretically the effects of bolt slippage 
on the deflection and ultimate strength responses of lattice structures. Based on the 
examples considered and an insight into lattice-tower behaviour, they have concluded 
that, while slippage of bolts may have some effects on deflection, it does not 
significantly influence the ultimate strength of the structure. 
Bowden and Dugundji [16] studied the effects of linear joint characteristics on the 
vibration of a free-free, three joint beam model. They found that increasing joint 
damping increases resonant frequencies and modal damping, but only to the point at 
which the joints gets locked up by damping. They also realised that this behaviour is 
different from that predicted by modelling joint damping as proportional damping. 
2-5 Concluding Remarks and Research Needs 
The following points can be established from the literature review on semi-rigidly 
jointed space structures. 
" Experimental studies prove that the semi-rigidity of connections has significant 
effects on space structure behaviour. 
" Efficient and reliable methods of analysis should be developed for semi-rigid 
analysis to provide a better understanding of behaviour. 
" Experimental and analytical results show that the behaviour of semi-rigidly jointed 
space structures lies between two limits, namely, the behaviour of pin jointed and 
rigid jointed cases, provided that the semi-rigidity of the connections is modelled as 
rotational springs only. 
" There are many situations when the analytical study of the behaviour of space 
structures cannot be carried out reliably unless the semi-rigidity of connections is 
taken into account. However, there are no established theoretical bases for deriving 
the stiffness of semi-rigid connections so far and the information used for setting up 
the stiffness are obtained experimentally. 
" Although, there are some analytical studies on the dynamic behaviour of semi- 
rigidly jointed space structures, it seems that there has been no experimental work 
on the dynamic behaviour of semi-rigidly jointed space structures. 
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" Studying the interaction of axial force and bending moment is important in space 
structures. However, there is no systematic study of this. Although limited 
experiments have been performed on the effects of constant axial force on the 
moment-rotation behaviour, in reality the magnitude of the axial force in the 
connection, as for the bending moment, starts from zero. 
" Studying the coupling effects between different degrees of freedom in space 
structure connections is important. However, there is no information to show how 
the off diagonal elements of the stiffness matrix for a semi-rigid connection can be 
estimated. 
" There are a number of reasons for connection behaviour being uncertain. However, 
there is no evidence of studies of the uncertainty in connection behaviour on space 
structure behaviour. 
" Connection classification is important for space structure jointing systems. 
Connection classification methods (Eurocode 3 [40] and Bjorhovde [15]) have been 
proposed for beam-to-column connections. There is no study of these two 
classification techniques for space structure jointing systems. 
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CHAPTER 3 
PREDICTION OF SEMI-RIGID CONNECTION STIFFNESS 
3-1 Introduction 
The accurate derivation of stiffness matrices for complicated parts of structures, such 
as semi-rigid joints, may not be possible by using a purely analytical approach. This is 
due to the fact that the state of stress and strain in a semi-rigid connection is very 
complex. The complexity is due to the presence of irregularities, stress and strain 
raisers, discontinuities, localised constraints, widespread inelasticity and material 
hardening and softening [12]. 
In general, the behaviour of a semi-rigid connection can be obtained by experimental 
and analytical approaches involving 
" the connection itself or 
" the semi-rigidly jointed structure. 
In the first approach the connection itself is under study and by using experimental 
testing of the isolated connection or using an analytical approach such as the finite 
element method the behaviour of the connection under applied load is obtained. In the 
second approach, the connection specifications are determined from the response of 
the semi-rigidly jointed structure. In this approach, if a parametric stiffness matrix is 
considered for a connection, then the parameters are determined in such a way that the 
response of the mathematical model of the structure is the same as that of the actual 
structure. This technique is referred to as the `system identification method'. The 
technique has been used successfully in the detection of damage in structures 
[4,20,59,60,61,135]. In the present work, the system identification technique has been 
used for the determination of semi-rigid connection stiffness. 
This Chapter is divided into two parts. In the first part the behaviour of the connection 
is predicted from experimental results and an appropriate mathematical model is 
proposed. The finite element technique is also used for the prediction of a ball jointed 
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system. In the second part, three different novel techniques based on system 
identification method are employed. These techniques include the sensitivity function 
method, neural networks and the genetic algorithm method. 
3-2 Mathematical Model for Description of Semi-rigid Joint Behaviour 
Consider a connection element representing a physical connection. Let a diagonal 
stiffness matrix be defined to relate the forces and displacements at the nodal points of 
the connection element. The diagonal elements of this stiffness matrix are the tangent 
stiffnesses of the constitutive relationship curves for different degrees of freedom. 
Here, a constitutive relationship represents a mathematical model that describes the 
behaviour of a connection, where, the term constitutive relationship is used to refer to 
the moment-rotation (M-9) or force-deformation (F-8) curves. The discrete points on 
the constitutive relationship can be obtained either experimentally or analytically. So 
far, extensive efforts by researches have concentrated on obtaining the discrete points 
of the constitutive relationship experimentally for different types of connections. For 
semi-rigid analysis, these discrete points can be used for evaluation of the diagonal 
elements of the stiffness matrix using either 
"a series of straight-line segments or 
"a mathematical model (mathematical function). 
A large number of mathematical models have been reported for the evaluation of the 
behaviour of several types of beam-to-column connections. These mathematical 
models include 
" the polynomial model, 
9 the exponential model and 
" the power model. 
In general, the mathematical models under monotonically increasing load have the 
form 
M=A9, C,, C2, C ... ) 
where 
33 
"M is the bending moment in the connection, 
"0 is the rotation in the connection and 
" Cl, C2, C3, ... are constant parameters. 
In the proposed mathematical models the constant parameters are 
1. parameters that are related to the physical parameters and mechanical properties of 
the connection such as the geometry of the connection components and the material 
properties, 
2. moment-rotation characteristics such as ultimate moment capacity Mu and initial 
stiffness k1, 
3. numerical factors or 
4. a combination of the above parameters. 
It is well recognised that the first set of parameters is easy to use provided that the 
mathematical model has been calibrated based on a large number of data and covering 
the whole range of information about the practical connection. The second set of 
parameters needs some additional calculation or even some simple test for finding MU 
and k,. Mathematical models that have numerical factors such as the third set of 
parameters are just a curve fitting technique. Finally, the fourth is a combination of the 
other three methods. 
3-2-1 Behaviour of Semi-rigid Joints in Space Structures 
Study of experimental results [42,132,136,140] shows that moment-rotation behaviour 
of ball joints and socket joints in space structures under monotonically increasing load 
and pure bending moment exhibits elastic-plastic hardening characteristics with the 
curve flattening out near the final stage of loading. In contrast to beam-to-column 
connections, there are few experiments on the moment-rotation behaviour of space 
structure connections and there is no known mathematical model for the description of 
the moment-rotation characteristics of space structure connections. In the next section 
a mathematical model is proposed to predict ball and socket joint behaviour under 
monotonic loading. 
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3-2-2 Proposed Mathematical Model for Semi-rigid Joints 
An exponential model is proposed to represent the moment-rotation characteristics of 
ball joints and socket joints in space structures based on the following requirements 
and assumptions. 
Basic Requirements for Modelling 
A non-linear expression to represent the moment-rotation curves of semi-rigid joints 
must satisfy the following requirements and assumptions. 
" Moment-rotation curves pass through the origin. 
" The joint exhibits elastic-plastic hardening characteristics with the curve flattening 
out near the final stage of loading. 
" The parameters in the non-linear expression are the characteristics of the moment- 
rotation curve. 
" The parameters can be determined in a simple manner. 
" The moment-rotation curves can sweep the M-8 plane with respect to its 
parameters because different types of joints exhibit M-6 behaviours that may be 
anywhere between the extreme cases of ideally pinned and fully rigid conditions, as 
shown in Figure 3-1. 
" The curves tend to the ultimate moment capacity of the joint. 
Basic Assumptions for Modelling 
The following basic assumptions are made: 
" The material is assumed to be linearly elastic perfectly plastic for the sleeve, with a 
multi-linear stress-strain curve for the bolt shank. 
" The deformation of the joint assemblage is relatively small. 
" The failure occurs as the plastic collapse mechanism is formed in the joint 
assemblage. 
35 
Ideally rigid 
1.0rýr 
0.6 
0.4 
0.8 
0.2 
0 
deally pinned 
Figure 3-1: Capability of the proposed mathematical model to simulate different 
behaviours on the M-6 plane 
Formulation of the Proposed Model 
Based on the preceding requirements and assumptions and with consideration of the 
experimental results, a three parameter exponential model is proposed to represent the 
moment-rotation behaviour of ball and socket joints. This has the form 
-1 
M= MUA(e(10? B+0) 
- B) 
or 
where, 
(3-1) 
O= 
10G 
(-l i ln(M i MUA +B) - a) (3-2) 
" Mu is the ultimate moment capacity of the joint, 
9a is the shift parameter, 
-1 
" A=1+ea, 
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" B=A-1 and 
"C is a function of Mu and k; which is called the connection parameter 
These parameters (Mu, k; and a) can be found either by appropriate curve fitting and 
regression methods or simple analyses and tests. In space structures most of the joints 
are prefabricated and it will be possible to specify these parameters by test. However, 
there are some analytical methods for the prediction of these parameters. The ultimate 
moment capacity can be determined by a perfectly plastic analysis. The shift parameter 
can be calculated mathematically and the connection parameter is a coefficient for a 
type of joint and can be obtained by analytical or experimental methods. The general 
characteristics of this model are illustrated in Figure 3-2. This model is suitable for 
moment-rotation curves that flatten out near the final stage of loading. 
Determination of Parameters by a Simplified Analytical Method 
It has been found that if the shift parameter is equal to 0.5 it will be suitable for ball 
joints as well as socket joints. The connection parameter C and the ultimate moment 
capacity M. are determined as follows: 
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Figure 3-2: General characteristics ofM-9 curve for the proposed mathematical model 
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Prediction of the Ultimate Moment Capacity 
Following the basic assumptions described in Section 3-2-2, the ultimate moment 
capacity of a connection is reached when idealised complete yielding is developed in 
the connector assembly (bolt and sleeve) of a ball joint. A ball jointing system consists 
of tubular steel members with spherical forged steel ball joints, as shown in Figure 3-3. 
The tubes are connected to the ball by means of a cone welded to the end of the tube 
through which a high tensile bolt is screwed into the ball by means of a sleeve. The 
dowel pin is used to constrain the bolt to the sleeve in order to allow turning of the 
bolt. The window on the sleeve permits the inspection of the amount of penetration of 
bolt into the ball. 
Compressive force in the tube is transferred to the ball by direct bearing through the 
cone and sleeve. Tension in the tube is transferred to the ball through the cone and the 
bolt. Bending moment in the joint is resisted by the composite action of the bolt and 
partial compressive force through the sleeve. 
Contact 
Ball surface 
Window 
Bolt 
Sleýe 
ý___ , Tube 
Dowel pin End cone 
Figure 3-3: Details of MERO joint 
In order to give a feel for the force transmission mechanisms in a ball jointed system, 
Figures 3-4,3-5 and 3-6 are used to show the distribution of stress in a bolt and sleeve 
under compressive force, tension force and bending moment. Figure 3-4 shows a two 
dimensional finite element model of a ball jointing system. The clearances between the 
sleeve and ball, sleeve and bolt, sleeve and cone and bolt and cone have been modelled 
with a gap element. The gap element is an element that only allows a compressive 
force to be transmitted between the contact surfaces and allows the two surfaces to 
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separate without creating any stress. In Figure 3-4 the bolt is under tension and the 
sleeve is completely free of stress. In Figure 3-5 the joint is under a compressive force, 
and in contrast to Figure 3-4, the sleeve is under compression and the bolt is free of 
stress. In Figure 3-6 the joint is under bending and, as can be seen from the stress 
contours, the bolt is under both tension and compression with the bottom of the sleeve 
under compression. 
From experimental studies, the ultimate moment capacity of the joint is derived from 
the composite action of the bolts and the partial transfer of the compressive force 
through the sleeve, Figure 3-7. The contact area varies depending on the magnitude of 
the bending moment. The ultimate moment capacity of the composite cross-section 
will be found from the stress-strain relationship for both the bolt and the sleeve. The 
ideal stress-strain relationships for the bolt and sleeve are shown in Figure 3-8. 
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As shown in Figure 3-7, the composite cross section will reach its ultimate moment 
capacity as the curvature approaches infinity when all the fibres in the cross-section 
reach the ultimate stress Q. or yield stress cry . 
Stress 
a, 
(a) Stress-strain relationship for bolt 
Stress 
Qy 
(b)Stress-strain relationship for sleeve 
Figure 3-8 
It is assumed that all the fibres in the bolt and the sleeve reach Q. and ay 
respectively. The position of the neutral axis is obtained based on the condition that the 
compressive and tensile forces are in equilibrium. This gives rise to the equation 
2 7Z? '2 A, 2 
2- 
Rt, ay +2- r12 
(Qu 
- 6y) -2 +r'2) Qu =0 
where, 
(3-3) 
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Sleeve 
t, =(Rß+ecosß), 
t2 =(ra+ecosa), 
r is the radius of the bolt cross-section, 
R is the average radius of sleeve cross-section (Figure 3-9) and 
e, a,, 6 are shown in Figure 3-9. 
Sleeve in different 
/1 positions 
S14 
R=(RI+R2)/2 
Neutral Axis 
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a 
Figure 3-9: Composite cross-section of bolt and sleeve 
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The solution of Equation 3-3 will result in the value of e. The ultimate moment 
capacity will be calculated from, 
MU = S2 xax (YB1 + YB2) + S3 x ay x (YB3 + YBl) (3-4) 
where, 
(yr+2ßr2 
S1= 
2 
+recos, B, 
ý2 
S2 =2 -r(rß+ecosß), 
(n + 2a)R2 
S3 = , rR 2-2- Re cos a- S2, 
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(2r cos/3)3 YB1= 
12S1 
YB2 - 
(2Rcosa)3 
12S2 
(2Rcosa)3 
Y1= 
12(S3 + S2) 
and 
YB3 - 
Yl(S2 + S3) - S2 x YB2 
S3 
Prediction of Connection Parameter C 
There are different ways for predicting the value of the connection parameter. 
Analytically, the connection parameter C can be obtained by a linear analysis of a 
simple beam. Figure 3-10 shows a typical configuration of a simple model of a MERO 
jointing system. This is a simple beam consisting of two steel tubes (segments EF, ST) 
connected to a rigid block (segment GH) with bolt and sleeve or nut (segments FG, 
HS). Two concentrated loads are applied on the tubes equidistant from the centre of 
GH. 
I 
Figure 3-10 
The bolt and the sleeve are modelled by an equivalent member whose cross-section is 
determined based on the ultimate moment capacity. From the results of linear analysis, 
the bending moment is calculated at section H and the relative rotation is calculated by 
subtracting the rotation of section H from that of section S. The relationship between 
the moment at section H, that is, My, and the relative rotation 0, is: 
MH =k, x9, (3-5) 
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where, 
k; is the initial stiffness. 
The relationship between C and k, is 
C= log(k; / DM. ) (3-6) 
where, 
D= 4e-2(1+e-2). (3-7) 
There are other techniques for finding the initial stiffness of the connection k, and 
consequently the connection parameter C. This will be discussed in more detail in 
Section 3-5. 
Prediction of Parameters by Curve Fitting 
The parameters of the proposed model have been found based on chi-by-eye and chi- 
square methods. However, there are important issues that go beyond the mere finding 
of best-fit parameters. To elaborate, data are generally not exact. They are subject to 
measurement errors. Thus, typical data never exactly fit the model that is being used, 
even when that model is correct. In the chi-square fitting the maximum likelihood 
estimate of the model parameters is obtained by minimising the quantity 
N 1M m(9Mk)2 x2 _ý r- 
r=1 Qr 
where, 
M, 
, 
9i are given test data, 
Q; is the standard deviation of the data point (Mr, 9r) , 
40, M., k, ) represents the proposed mathematical model and 
N is the number of test points. 
(3-8) 
The derivative of Equation 3-8 with respect to parameters Mu and k, gives the 
equations which must hold at the chi-square minimum, that is, 
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o- 
Qzy 
(3-9) 
J i-t i 
0_N 
(M; - m(9 , M., k1)) an(9 , 
M, 
___ (3-10) 
Equations 3-9 and 3-10 constitute a set of two non-linear equations for the two 
unknown parameters. These two non-linear equations are solved for experimental 
points by a suitable method [93]. 
Verification of the Proposed Model 
The rotational behaviour of ball joints as well as socket joints has been investigated in 
a number of research projects [42,132,136] involving a large number of tests. These 
tests resulted in a wealth of information regarding joint behaviour and moment-rotation 
characteristics. Available experimental results reveal the significant non-linearity of the 
rotational joint response which may occur even at the earliest stages of loading. 
Figures 3-11 to 3-16 show comparative examples of the experiments. In these figures 
the proposed model fits well with test data. The model satisfies the basic requirements 
of the modelling and fits the general characteristics of the test curves up to the final 
loading. It presents a good simulation of the actual behaviour of the joints. 
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Figure 3-11: Comparison of proposed model with the results from Ref [42] 
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Figure 3-12: Comparison of proposed model with the results from Ref [42] 
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Figure 3-13: Comparison of proposed model with the results from Ref [132] 
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Figure 3-14: Comparison of proposed model with the results from Ref [132] 
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Figure 3-16: Comparison of proposed model with the results from Ref [136] 
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3-3 Finite Element Modelling for Prediction of Semi-rigid Joint Behaviour 
Realistic modelling of connections with the finite element method or any other analysis 
method is usually difficult, because of geometric complexity and the possibilities of 
slippage, discontinuities, gap closures, partial loss of contact, localised constraints, 
widespread inelasticity and material hardening and softening. While, a fine-mesh finite 
element model of a connection may represent its behaviour accurately, such a model is not 
practical unless the connection itself is the subject of study. 
In general, the development of finite element modelling of connections can be very useful, 
especially for space structure connections. This is because three dimensional testing of 
space structure jointing systems under load combinations representing those which happen 
in practice is very difficult. However, the effectiveness and reliability of the finite element 
method need to be assumed in terms of 
" discretisation, 
9 material modelling, 
" contact modelling from frictionless contact in small displacement problems to contact 
with friction in general large strain in-elastic conditions, 
" boundary conditions and 
" loading conditions. 
The modelling of the geometry of a connection is time consuming and changing the mesh 
size in order to obtain correct results and optimum computer time make this stage of 
simulation extremely difficult. Perhaps, the best way to overcome this problem is to use an 
algebraic configuration processing technique. Such an approach allows the generation of 
the method and processing of the data in an algebraic manner and the use of parametric 
variables in the modelling. Therefore, any modification to the dimensions of the 
components of the connection or to the mesh sizes is very straightforward. One of the best 
known approaches in this area that has been used in this section is formex algebra [107] 
and its programming language Formian [106]. Formex algebra besides its capabilities for 
data generation and processing allows the creation of new N-dimensional functions. 
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Two-dimensional Simulation of Ball Joints 
Figure 3-17 shows a typical MERO jointing system. The system consists of tubular steel 
members with steel ball joints. The members are connected to the ball by means of a cone 
welded to the end of the tube through which a high tensile bolt is screwed into the ball by 
a sleeve. Compression force in the tube is transferred to the ball by direct bearing through 
the cone and the sleeve onto the machined face of the ball. Tension in the tube is 
transferred to the ball through the cone and the high tensile bolt. 
Ball Bolt(M12,8.9) Tube 
Sleeve 
----- ------ End cone 
------ --------- 
Imo---ý 
28.5 mm 
21 mm 
Emm 
188mm 
Sleeve cross section 
Figure 3-17: MERO joint 
The following study illustrates the use of the finite element technique for obtaining 
moment-rotation characteristics of a ball joint under pure bending moment. The behaviour 
of this joint was studied earlier experimentally [42]. 
The problem is obviously three-dimensional in nature. However, a 3-D finite element 
analysis is much more complicated than a two-dimensional one. On the other hand, a two 
dimensional model can be used for preliminary, feasibility, sensitivity, convergence and 
parameter studies for various cases as a basis for a 3-D study. To characterise the 
behaviour of a ball joint, a simply supported beam consisting of two steel tubes connected 
to a rigid ball with bolts and sleeves has been considered. It was decided to conduct the 2- 
D finite element analysis on plane stress model taken parallel to the plane passing through 
the tubes, bolts, sleeves and ball. The two dimensional finite element mesh layout for a 
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non-linear elastic-plastic analysis is shown in Figure 3-18. Dimensions of the model are 
based on the experimental work [42] and are given in Figures 3-17 and 3-18. 
Figure 3-18: Two dimensional finite element discretisation of the ball jointing system 
Equivalent Cross-section for Bolt and Sleeve 
Equations 3-4, Equation 3-1 and the Kishi & Chen Model [76] has been used to predict 
the ultimate moment capacity of the composite section of bolt and sleeve. These ultimate 
moment capacities are used to define the equivalent rectangular cross-section. It is 
assumed that the height of the equivalent rectangular cross section is equal to the diameter 
of the bolt. The entries in Table 3-1 are used to obtain the width of the equivalent cross- 
section from 
Mý = 
b42 
x Qý (3-11) 
which gives 
b=4 
Mu 
(3-12) 
d2 a. 
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Figure 3-19: Equivalent rectangular cross section for the bolt the sleeve 
Table 3-1 
aU Mu 
Prediction of MU kN/mm2 kN mm 
Eq(3-4), 
R=9.25 mm, r=6 min, ay=0.38 kN/mm2, 0.8 359 
a=0.8 kN/mm2 
Proposed Model 0.8 365 
Kishi & Chen Model 1761 0.8 345 
Material Behaviour 
To model the non-linear material behaviour, the stress-strain relationships for the elements 
of the beam and the ball are taken to be elastic-perfectly plastic. That is, no strain 
hardening is considered. For the bolt material a multilinear stress-strain curve is used, as 
shown in Figure 3-20. Initial work hardening is considered to be 10% of the initial 
modulus of elasticity. After reaching three times the yield stress level the material's 
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stiffness becomes 5% of the initial value [13]. More sophisticated stress-strain curves may 
be used based on experimental results. 
G kN/mm2 
0.80 ----- 
0.77 
0.64 
Figure 3-20: Multilinear stress-strain curve for bolt shank 
Choice of Element Type 
For plane stress problems, it is possible to use four node bilinear or eight node biquadratic 
elements. However, it is well known that linear isoparametric elements, in both two and 
three dimensions, are too stiff to model simple flexural deformations of a beam [119]. 
Thus, four and eight noded isoparametric elements with reduced integration points are 
used for modelling. 
Finite Element Analysis 
As shown in Figure 3-18, two vertical concentrated loads are applied to the tubes. 
Because of material non-linearity, the response of the structure is path-dependent. This 
requires that for convergence, in addition to multiple iteration for each load step, the loads 
are applied slowly, in increments, to simulate the actual load history. 
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The moment-rotation curves obtained from the experimental results together with the 
finite element analysis results are shown in Figures 3-21 to 3-24. In Figure 3-21, the 
equivalent cross-section was obtained based on the ultimate moment capacity Mu of 
Equation 3-4. In this figure CPS4R indicates the type of plane stress element used in the 
modelling, namely, four noded plane stress element with reduced integration points. In 
Figures 3-22 and 3-23, the equivalent cross-sections were obtained based on the ultimate 
moment capacity Mu of the proposed model and the Kishi and Chen model [76]. In Figure 
3-24, the model was the same as that of the model for Figure 3-23 except for the type of 
elements. In this case an eight noded plane stress element with reduced integration points 
(CPS8R) was used. 
It may be seen that there is good agreement between the numerical and experimental 
results. However, the main reason for the deviations that do exist is from the difficulty in 
defining the equivalent cross-sections. The initial stiffness of the moment-rotation curve 
depends on mainly the geometry of the connection and elastic properties of the materials 
and the final part relates to material yielding. Here, in the definition of the equivalent 
cross-section the ultimate strength of the connection was satisfied and for simplicity the 
height of the equivalent cross-section was considered equal to the diameter of the bolt. 
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Figure 3-21: Comparison of finite element results with experimental results [42] 
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Figure 3-22: Comparison of finite element results with experimental results [42] 
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Figure 3-23: Comparison of finite element results with experimental results [42] 
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Figure 3-24: Comparison of finite element results with experimental results [42] 
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Concluding Remarks and Discussion 
The moment-rotation behaviour of a MERO jointing system, up to the ultimate moment 
capacity, can be successfully simulated through a 2-D finite element analysis on a plane 
stress model taken parallel to the plane passing through the tubes, bolts, sleeves and ball. 
From the results of the two dimensional modelling the following conclusions can be 
reached. 
" It is possible to obtain reasonable estimates of connection behaviour by two 
dimensional finite element modelling and simplified assumptions. 
" The derivation of constitutive law for the materials is very important in non-linear 
analysis. Without considering material hardening, results can be very approximate and 
the results of finite element analysis do not follow experimental result adequately. 
" In order to obtain the overall behaviour of the connection, it is assumed that the beams 
have sufficient rigidity. 
" The art of successful application of the finite element method lies in the combined 
choice of element type and the associated mesh. It follows without prior knowledge of 
the connection behaviour, at least for a particular family of physical models, the 
effectiveness and reliability of the finite element modelling can be in doubt. 
" The assumptions made in the modelling of a connection are problem dependent. For 
example, in the finite element modelling of the MERO joint in this section, there are 
two reasons why contact surfaces do not cause a big error in the finite element results 
1. joint was completely tight in test 
2. the contact surfaces were not a considerable area. 
Unless these conditions are satisfied the results will not be reliable. This implies that the 
discontinuities between the connection parts should be considered in the modelling. 
For more accurate modelling to obtain the comprehensive behaviour of a connection, three 
dimensional (3D) modelling is necessary. This allows the consideration of more 
sophisticated behaviours. Also, a 3D model provides more realistic representation of 
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different ratios of possible bending moments and forces effects and their interaction which 
is important for the characterisation of the connection behaviour in space structures. 
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3-4 Identification of Semi-rigidity of Connections using the Function 
Approximation Technique 
The objective of this section is to estimate the initial stiffness of a connection from the 
response of the structure. This is done by minimising the discrepancy between the 
response predicted by a numerical model and the physical model. Estimating the semi- 
rigidity of the connection from the response of a structure has the following 
advantages. 
9 It allows a prediction of the connection characteristics in a real situation. 
" From a structural assessment point of view, it can be used for existing structures to 
evaluate the connection stiffhesses and consequently the performance of the 
structure. 
" By using system identification methods, it is possible not only to find the stiffness of 
the connection for each degree of freedom but also to estimate the coupling effects 
between different degrees of freedom. 
In static and dynamic analysis of semi-rigidly jointed structure the stiffness and mass 
matrices are both functions of the instantaneous stiffness of the connections. Therefore, 
using the test results, it is possible to find these stiffnesses based on the parameter 
identification method [62,89]. If a dynamic test is used for parameter identification, 
then the modal measurements and the structural parameters are deterministic and the 
least squares method can be used. The equation of motion for a freely vibrating 
undamped system is 
mz+kx=0 
where 
(13-3) 
"z and x are n dimensional vectors of acceleration and displacement, respectively, 
"m is the nxn mass matrix of the structure and 
0k is the nxn stiffness matrix of the structure. 
The mass and stiffness matrices are both functions of the tangent stiffnesses of the 
connections. Therefore, if the structural parameters of interest (namely the tangent 
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stiffnesses of the connection) are denoted by ct, , ct2 , ... , c, then the eigenvalues and 
eigenvectors of the structure will also be functions of c,  ct2,..., cn,,, that 
is, 
(A , 
(ct )m + k)gi(c, )1 =0 
Here, 
0 A, (ce) is the jth eigenvalue of the structure and 
(3-14) 
0 q(c, ), is the n dimensional eigenvector (mode shape) for the jth mode. 
Let the values of the structural parameters corresponding to the original (previous) 
analytical model be denoted by ct, , ct2 , ... cý,,, and the eigenvalues and eigenvectors 
obtained from a solution of the equation of motion by %(ct) and q, (c, ),, respectively. 
Parameter identification methods are based on a linear Taylor's series expansion of the 
modal parameters in terms of previous estimates of the structure's parameters. The 
type and total number of modal parameters which are expanded correspond to the 
number of measured modal parameters. The Taylor's series expansion is written in the 
matrix form 
2(c, ), go(c1) = A(ct ), 9)(c, ) + T(ct - ct) (3-15) 
where 
0 ct = [cl, , ct2 --P cAw 
]T and cr = [ct, , ct2 , ..., 
U. ]T are m dimensional vectors, 
" A(c) is the n, dimensional vector of the previous analytical eigenvalues which 
correspond in type to the measured eigenvalues, n, <_ n, 
" op(c, ) is the n2 dimensional vector of previous analytical eigenvector which 
correspond in type to the measured eigenvector, n2 5 n2 and 
.T is the (I x m) eigenvalue and eigenvector sensitivity matrix, where I=n, + n2. 
The sensitivity matrix is the partial derivatives of eigenvalue and eigenvector, that is, 
OA / &t, i* / &t (3-16) 
in which the derivatives, that is, the elements of the matrix, may be analytically 
calculated [43]. Equation (3-15) can be written in the more condensed form 
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A, ip = ý,; p + T(ct - ct-) (3-17) 
The experimentally measured values of eigenvalues and eigenvectors are denoted by 
AT and op,., respectively. The dimensions of these vectors are n, and n2 respectively. 
If the difference of the modal properties between the original analytical model and the 
experiment are small enough then no revision of the previous model is necessary. 
However, if the values differ then the difference is denoted by 
AA, A4p (3-18) 
This difference implies that the previous values of the structural parameters must be 
revised. The revised parameter values are hereafter denoted by ct, ,c2,... 
cam, or 
Cf _ [OfI, Ct2,..., CýIT 
Finally, from equations (3-17 and 3-18) the mathematical form of the parameter 
identification will lead to 
ýý _ c, + ITT 7)-'TT {EA, ew} (3-19) 
where, 
(Tr T)-i Tr 
is the mapping matrix. 
What follows gives a mathematical technique for estimation of the connection 
characteristic. In this technique, instead of using the sensitivity matrix (Equation 3-16) 
a sensitivity function is used. This function simulates the rate of change of eigenvalues 
for different connection semi-rigidity based on the results of the eigenvalue analysis for 
the corresponding pin and rigidly jointed structure. 
Sensitivity Function Method 
A technique is proposed for identifying the connection parameter based on the 
following assumptions. 
" The structure has one kind of connection. 
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" The behaviour of the structure varies from the pinned case to the rigid case 
according to a sigmoid curve. This was confirmed by the investigation of the 
results of a number of experimental and numerical studies where the connection 
semi-rigidity was modelled by rotational springs. 
9 The relationship between the minimum eigenvalue and the connection parameter is 
assumed to be 
A=f(C) 
where C is the stiffness factor of the connection with respect to the stiffness of the 
attached beam. 
Based on these assumptions, Equation 3-19 is replaced by: 
Ci+j = Cr +( '(C) / -' x AA (3-20) 
where 
(49Y(C)lx)-, 
is a mapping function. 
The approximation of the original function f (C) by the sigmoid function 
f(C)=(, %, -Ap)/ec +., p (3-21) 
leads to a sensitivity function as follows: 
I 
c (C) /X= (2. - A, ) / (e iF x C2) (3-22) 
where ', and . AD are the minimum eigenvalues of rigidly and pin jointed structures. 
The connection parameter identification will be of the form 
I 
C, +, = C, + (e 
c' x C12) / (A, - o) x Ani, (3-23) 
where 
AA= Ar -A C, 
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Equation 3-23 is used in an iterative procedure for parameter identification. If 
Ci+, - C; is less than a specified value then no revision of the previous model is 
necessary. 
Criteria for Convergence of the Method 
The initial estimate has a significant influence on the rate of convergence of the 
iterative method. Hence, a good initial estimate is important. When the initial estimate 
is near the limit case, the tangent value of the sensitivity function tends to infinity and 
ill-conditioning occurs. Figure 3-25 shows the variation of the mapping function with 
respect to the stiffness factor. 
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Figure 3-25: Variation of the mapping function with respect to the stiffness factor 
Numerical Examples 
A double layer grid, a single layer braced dome and a barrel vault are shown in Figure 
3-26. These are used to demonstrate the parameter identification method based on the 
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proposed algorithm. It is assumed that the minimum natural frequencies of the semi- 
rigid double layer grid, single layer braced dome and barrel vault are 5.35,4.35 and 
10.88 cycle/sec, respectively. The stiffness ratios of the connections with respect to the 
beams have been evaluated as shown in the Table 3-2. The proposed parameter 
identification method using a sensitivity function was successful in assessment of the 
initial stiffness of the joints. 
span=1000 mm, rise=40 mm span=600 mm, depth=60 mm arch aperture angle= 12011, 
radius=500 mm 
(a) single layer dome (b) double layer grid (c) barrel vault 
Figure 3-26: Perspective view of semi-rigidly jointed space structures used for 
identification 
Table 3-2 
Type AP A, AT Initial Iteration C Result 
Guess 
(cyclelsec) (cycle/sec) (cycle/sec) 
single layer 4.16 4.67 4.5 0.5 2 0.42 converged 
braced dome 
double layer 5.41 5.44 5.35 1.0 2 0.52 converged 
grid 
barrel vault 10.68 11.10 10.88 0.5 5 6.88 co 
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3-5 Identification of Semi-rigidity of Connections using Neural Networks 
This section is concerned with the use of neural networks in the identification of the 
degree of semi-rigidity of the connections in space structures. Identification is based on 
information about the natural frequencies of a structure for pinned, semi-rigid and 
completely rigid cases. In practical usage, the frequencies for the pinned and rigid cases 
are evaluated analytically and the frequency for the semi-rigid case is obtained 
experimentally. In this section, however, all three frequencies are obtained analytically. 
The proposed approach provides a new method for determining the degree of semi- 
rigidity of connections. This, in turn, will help in the ability to model semi-rigid 
connections using the finite element analysis. 
The objective of this section is to establish a method for obtaining an estimate of the 
degree of semi-rigidity of the connections in a structure from information about the 
natural frequencies of the structure. Consider a semi-rigidly jointed structure and let 
the (fundamental) natural frequency of the structure be A. This natural frequency is 
bound to be greater than the natural frequency of the same structure with all the 
connections assumed to be pinned. Also, A is bound to be smaller than the natural 
frequency of the structure with all the connections assumed to be completely rigid. 
That is, if the natural frequencies of the structure for the pinned and rigid cases are 
denoted by Ap and A,, respectively, then 
lip 5A 5A 
An implication of this fact is that there is a relationship between the degree of semi- 
rigidity of the connections in a structure and its natural frequency. Assuming that all 
the connections have the same degree of semi-rigidity and using R to denote the 
degree of semi-rigidity, the relationship between R, A, 4 and A may be written as 
R=f (A,, Ap/Ar) 
The above relation cannot be formulated in a closed form but it may be possible to 
represent it by an empirical formula. However, the approach used in this section is to 
find a suitable neural network to emulate the relationship. One of the main features of a 
neural network is that it has to be trained. In the particular neural network discussed in 
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this section, the information required for training is obtained from analytical results. 
Acquisition of the information for training of the neural network is discussed below. 
Connection Modelling 
In considering the semi-rigidity of connections, their deformability should be taken into 
account. To be specific, modelling of the behaviour of a connection requires 
information about the moment-rotation and force-deformation characteristics of the 
connection. One approach for modelling these characteristics is based on the use of 
springs to represent a semi-rigid connection with parameters that are assigned using 
experimentally or analytically obtained data. In general, up to six linear or non-linear 
springs may be included to model the connection behaviour. The tangent stiffness of 
each spring is calculated from moment-rotation and force-deformation curves. This 
modelling technique has been utilised in obtaining the analytical results for the study 
presented in this section. 
Semi-rigid Analysis 
In order to obtain analytical results, the semi-rigidity of the connections are modeled 
using rotational springs as separate elements in the structural model. The ABAQUS 
computer package [65] has been used for finding the required natural frequencies. The 
spring representation has been achieved by using the JOINTC element model in 
ABAQUS [29]. 
Training Patterns for the Neural Network 
The concept of neural networks has been written about extensively in the literature 
[63,64,68,126,127,141]. In particular, the approach to the use of neural networks 
explained by Rumelhart et al [127] is employed in the present work. In relation to the 
neural network discussed here, the information for network training consists of natural 
frequencies for a number of semi-rigidly jointed structures together with information 
about the degrees of semi-rigidity of the connections. 
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Three typical space structures, namely a single layer dome, a double layer grid and a 
barrel vault are shown in Figure 3-27. Information obtained from these structures was 
used for training the neural network. In the natural frequency analysis, it was assumed 
that the axial and shearing deformations of the connections do not have any significant 
influence on the results and therefore their effects were ignored. 
The degree of semi-rigidity of a connection may be defined by: 
Ks 
R= 
F1 /L 
where R is referred to as the `rigidity factor', Ks is the rotational stiffness of the 
connection and EUL is the flexural stiffness of the corresponding member. Here, the 
entities E, I and L are the modulus of elasticity of the material, the second moment of 
area of the cross-section and the length of the member, respectively. 
(a) single layer dome (b) double layer grid (c) barrel vault 
Figure 3-27: Three typical space structures 
The natural frequencies for 28 cases were obtained involving different rigidity factors. 
The values of R, A and Ap /A, for these 28 cases were used to train the neural 
network. Here, A and Ap / ., are the input values and R is the target output. A pair 
of input values A and A/ Ar together with the corresponding target value R is called 
a training pattern. 
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Neural Network Model 
A four layer neural network with two hidden layers was adopted for the problem. 
Figure 3-28 shows the topology of this neural network. The bottom layer is the input 
layer: the only layer in the network that receives external input. One of the input nodes 
receives the value of natural frequency A of the semi-rigidly jointed structure and the 
other input node receives the ratio of the natural frequencies for pinned and rigid cases 
of the structure, that is, 4/ Ir. The two middle layers, the hidden layers, are the 
processing units which are connected to the top and bottom layers. The top layer is the 
output layer. Here, the output layer consists of a single node whose output is the 
rigidity factor R. 
The values of A, At and R were normalised before being used for training. The 
procedure followed was as described below: 
" The value of A. was normalised in the range [-1,1] using the rule 
+ AP 
22 
" The ratio 4/ At was normalised in the range [-1,1 ] using the rule 
(2.4/A)-1 
" The value of R was normalised in the range [0,1 ] using the rule 
2 
arctan(R) 
9 
Normalisation of A, At and R may be achieved in many different ways. However, 
experimentation with a number of possibilities showed that the normalisation rules 
given above provided the best training results for the network under consideration. 
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Figure 3-28: Architecture of neural network used for training 
The neural network used is of the feedforward type. That is, information flow during 
the operation of the network is always from the input layer to the output layer. In the 
network, each one of the links connecting the nodes has an associated coefficient that 
is referred to as the `weight' of the link. 
The backpropagation training algorithm [127] was used for training the network. The 
goal of the training procedure was to adjust the weights of the links connecting the 
nodes in order to minimise the differences between the target and the computed 
outputs. 
At the beginning of the training process, the weights of the links are assigned random 
values. A weight wji is assigned to the link connecting nodes i and j in two 
different layers. Except for the nodes of the input layer, the input to each node is the 
sum of the weighted outputs from the previous layer. The output of each node depends 
on the input to the node and the activation function for the node [127]. The input to a 
node j is defined by 
nett =ý wjioi (3-24) 
The summation is over the nodes in the previous layer. The output of node j is 
represented by 
71 
Aik 
oi =f (nett) (3-25) 
where f is the activation function. The activation function used in the present work is 
a sigmoid function [63]. 
The first step in the training process is a feedforward operation which calculates the 
output of the nodes starting from the input layer through the hidden layers to the 
output layer. Then the error in the output is computed. If the error is greater than a 
predefined small value, then the step of error backpropagation is performed. To 
elaborate, based on the generalised delta rule, the modification of the weight of a link is 
accomplished through the gradient descent on the error surface [127] using 
Awj, =i 4oi (3-26) 
where Owji is the change in the weight wJ; and where i is a constant called the 
learning rate. E1 in the above relation is the local gradient of the error surface and can 
be found from the following formulae: 
4- = (t1- oj) f '(net)) for the output node (3-27) 
(1: &wki)f'(netJ) 
k 
for nodes in the hidden layers (3-28) 
Here, tj is the target output, of is the computed output, f 'net)) is the derivative of 
the activation function and 8k is the local gradient for a node in a higher layer. A large 
' results in rapid learning but might cause oscillations. On the other hand, if 17 is too 
small the process of training may become unacceptably slow. 
Results 
The neural network described above was set up and trained employing the Stuttgart 
Neural Network Simulator (SNNS) [134] on a SUN SPARC work station. At first, the 
neural network of Figure 3-28 was created and 28 training patterns were loaded onto 
the Stuttgart simulator. The intialisation of the weights was carried out randomly. 
In general, the initial randomly chosen weights can have significant effects in the final 
state of the network. To elaborate, backpropagation employs a gradient descent 
approach operating on the error surface. That is, it follows the slope of the error 
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surface, constantly adjusting the weights in order to move toward a minimum on the 
error surface. The error surface is normally highly convoluted and full of hills and 
valleys. Therefore, a particular choice of the initial values of weights may cause the 
network to get trapped in a local minimum. There are some methods for overcoming 
this problem [63]. In this study, for a specific learning rate, training was carried out 
several times, with different random values for weights, and the best result was chosen. 
In the backpropagation training algorithm the learning rate has an important effect on 
the speed of convergence. The learning rate is normally chosen between 0.1 and 1.0. 
To investigate the effects of the learning rate, the training of the network was carried 
out with learning rates of 0.2,0.5,0.8 and 1.0. It was found that a small value for the 
learning rate leads to slow learning and vice versa. The graph showing the learning 
performance for the cases i =0.2 and q =1.0 is presented in Figure 3-29. It is seen that 
by increasing the value of learning rate, the training time is decreased considerably. It is 
known that higher values of the learning rate may result in oscillations. This, however, 
did not occur in the present work. 
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Figure 3-29: Learning performance 
The training patterns and the values of R obtained from the network trained with 
different learning rates are listed in Tables 3-3,3-4 and 3-5. All the values shown are 
normalised. 
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Table 3-3 Learning results for single layer dome 
Training Target Computed R 
Pattern 
A 4/k 
R =0.2 =0.5 =0.8 17 =1.0 
1 -0.99521 0.78533 0.00637 0.02206 0.01323 0.01321 0.01139 
2 -0.98125 0.78533 0.0318 0.03405 0.026 0.02472 0.02632 
3 -0.9649 0.78533 0.06345 0.05239 0.06392 0.06489 0.06534 
4 -0.84284 0.78533 0.29517 0.29651 0.29526 0.29525 0.29618 
5 -0.71241 0.78533 0.5 0.50005 0.499 0.5001 0.50107 
6 -0.1061 0.78533 0.87433 0.8713 0.88458 0.87285 0.8759 
7 0.22856 0.78533 0.93655 0.94012 0.92511 0.93817 0.93303 
8 0.77742 0.78533 0.98727 1 1 0.98516 0.99467 
9 0.88552 0.78533 0.99363 1 1 0.9958 0.99999 
10 0.99561 0.78533 0.99936 1 1 0.99769 0.99999 
Table 3-4 Learning results for double layer grid 
Training A AP /' Target Comp uted R 
Pattern R 77=0.2 77 =0.5 77=0.8 r7 =1.0 
11 -0.41133 0.98963 0.00637 0.00204 0.0065 0.00858 0.01442 
12 0.31914 0.98963 0.0318 0.03628 0.03507 0.0245 0.02364 
13 0.57447 0.98963 0.06345 0.06272 0.06131 0.06386 0.06524 
14 0.94325 0.98963 0.5 0.50036 0.50028 0.50052 0.50213 
15 0.97163 0.98963 0.70483 0.70297 0.70422 0.70142 0.70424 
16 0.98583 0.98963 0.87433 0.87571 0.87244 0.87844 0.87755 
17 0.9929 0.98963 0.93655 0.94706 0.94722 0.94852 0.9475 
18 1 0.98963 0.98727 0.98472 0.98622 0.98381 0.98422 
19 
N 
1 0.98963 0.99363 0.98472 0.98622 0.98381 0.98422 
20 1 0.98963 0.99936 0.98472 0.98622 0.98381 0.98422 
Table 3-5 Learning results for barrel vault 
Training Target Computed R 
Pattern 
A AP / ý' 
R q =0.2 17=0.5 ' 0.8 17 =1.0 
21 -1 0.92377 0.06345 0.13452 0.06648 0.06507 0.07712 
22 -0.97636 0.92377 0.29517 0.22496 0.29653 0.29644 0.30164 
23 -0.83925 0.92377 0.5 0.53895 0.5011 0.49978 0.50665 
24 -0.62175 0.92377 0.70483 0.68037 0.70414 0.70443 0.70044 
25 0.13948 0.92377 0.93655 0.9462 0.94 0.9401 0.95152 
26 0.71158 0.92377 0.98727 0.99567 0.98317 0.98312 0.97873 
27 0.82506 0.92377 0.99363 0.99227 0.99047 0.99196 0.98194 
28 0.93854 0.92377 0.99936 1 1 0.99956 0.99842 
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Figure 3-30 shows the computed R values in the trained network against the target R. 
The results show that the training of the neural network was successful for all the 
values of q, although a higher value of 77 resulted in a shorter training time. 
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Figure 3-30: Comparison of target and computed values of R 
Typically, application of the backpropagation algorithm requires a training set as well 
as a test set. While the training set is used to train the network, the test set is used to 
assess the performance of the network after training is complete. In the present work, 
subsequent to the training of the network, three new values for A, A/A, and R were 
used as the test set to verify the performance of the network. The results are given in 
Table 3-6. 
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Table 3-6 Verification results 
Actual Comp uted R Test set R i=0.2 q 0.5 x=0.8 17 =1.0 
Single layer dome -0.50339 0.78533 0.70483 0.68242 0.78847 0.73521 
0.7100 
Double layer 'd 0.89361 0.98963 0.29517 0.24216 0.26318 0.28405 0.3606 
Barrel vault -0.20567 0.92377 0.87433 0.856 0.86883 0.8574 
0.9096 
In spite of the deviations in the computed values of R, the results in Table 3-6 confirm 
the soundness of the approach and shows that it is possible to estimate the degree of 
semi-rigidity of a connection from information about natural frequencies. The present 
work, however, does not really go any further than the study of the feasibility of the 
approach. Much work remains to be done in this area. In particular, it would be of 
interest to investigate the effects of including information about a wide variety of space 
structures in the training set. Also, it would be of interest to examine the attainable 
additional accuracy if the training set is exclusively related to a specific family of space 
structures rather than being general. 
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3-6 Identification of Semi-rigidity of Connections using Genetic Algorithm 
In order to account for the effects of the connections on the behaviour of the 
structures, the evolution of a suitable modelling technique for the connections is an 
essential step. It turns out that the modelling of the joints requires information about 
the connection behaviour. True connection behaviour cannot be incorporated into an 
analysis unless it can first be quantified accurately. This has proven to be an extremely 
difficult task, because the geometry and the state of stress and strain in a semi-rigid 
connection is complex. 
In this section, the objective is to estimate the elements of a stiffness matrix for a 
connection from natural frequency tests. Since it may not be possible to derive an 
accurate stiffness matrix for a semi-rigid connection by using a purely analytical 
approach, the system identification technique [52,79,133] was used to identify and 
extract elements of the connection stiffness matrix from dynamic tests. Genetic 
algorithm as a global search technique was used to minimise the differences between 
the results of the mathematical model and the dynamic tests. The approach presented in 
this section allows not only the evaluation of axial, shear and rotational stiffnesses of 
the connection but also the coupling effects among these. 
3-6-1 Problem Definition 
Figure 3-31 shows a cantilever beam supported with a semi-rigid connection (MERO 
jointing system). The cantilever is hit by a hammer and the response of the beam 
recorded, as shown in Figure 3-31. Figure 3-32 shows the time-response of the beam. 
In this figure the response is in the time domain. Using a Fast Fourier Transformation 
(FFT) it is possible to change the response from the time domain to the frequency 
domain. Figure 3-33 shows the frequency domain of the time-response curve of Figure 
3-32. In Figure 3-33 the chosen points show the natural frequencies of the cantilever 
beam. As a result, the natural frequency of a physical structure can be obtained by a 
hammer test. 
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Figure 3-31: Experimental set up for dynamic test 
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Figure 3-32: Time-response for cantilever beam 
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Figure 3-33: Result of FFT for the time-response of Figure 3-31 
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Now, the cantilever beam is simulated by the finite element method (Figure 3-34). In 
the finite element method the elements of the stiffness matrix for the connection are 
unknown. The question is how the stiffness matrix of the connection can be estimated 
so that the response of physical model and the finite element model are the same. 
Discretisation of 
beam element 
Connection 
Figure 3-34: Finite element modelling of cantilever beam with a semi-rigid connection 
If the contribution of the connection could be simulated in the model with unknown 
variables then these variables can be estimated in such a manner that the mathematical 
and physical models produce the same results. For this to happen, the following three 
elements must be present, namely, 
"a mathematical model, 
" estimation algorithms and 
" physical experiments. 
Based on priori knowledge, suitable tests on physical models could be performed. The 
tests can be static or dynamic but should provide maximum information and the results 
of experimental tests must be sensitive to unknown variables. The second 
complementary part of the identification is the chosen of a suitable stiffness matrix for 
the connection. This stiffness matrix contributes to the mathematical model of the 
structure. The stiffness matrix for the connection should be selected in such a way as to 
be able to anticipate the behaviour of the structure within an acceptable tolerance. 
Finally, the elements of the stiffness matrix with unknown variables should be 
estimated by minimising 
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E=Y(f-J)2 
where E is the criterion of fit and f and f are the results obtained from the 
mathematical and experimental models, respectively. This final stage needs a suitable 
estimation technique for which the genetic algorithm is used. The flowchart for the 
connection parameter identification using the genetic algorithm is shown in Figure 3- 
35. The details of the method are explained in the sequence. 
Experimental HPriori Knowledge 
Data 
START 
Mathematical Model l Genetic 
Model 
H 
Parameters Algorithm 
Model Analysis 
Criterion of 
fit 
alidation of Model 
No 
I Yes 
Report Identified 
Parameters 
Figure 3-35: Flowchart of connection parameter identification using genetic algorithm 
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3-6-2 Mathematical Model 
In general, the mathematical model of a structure may be represented by the finite 
element equilibrium equations as follows: 
1. KU =R.................................... for static analysis (3-29) 
2. MU + Cif + KU =R..................... for dynamic analysis (3-30) 
Where 
" K, M and C are the structure stiffness, mass and damping matrices, 
" U, U and 0 are the global displacement, velocity and acceleration vectors and 
"R is the load vector. 
It is well known that in the case of non-linear analysis, Equations 3-29 and 3-30 are 
not valid. In non-linear analysis the relationship between forces and displacements is 
reduced to a linear relationship such as Equations 3-29 and 3-30 between incremental 
displacements and loads provided that the structure stiffness matrix is the tangent 
stiffness matrix. 
In a finite element formulation, the characteristics of the structure are defined in terms 
of the stiffness, damping and mass matrices K, C and M. Any variations in these 
matrices would affect the response characteristics of the structure. 
In a skeletal space structure, the structure is an assemblage of line and joint elements in 
which line elements are interconnected at joints. Derivation of the stiffness matrix for 
displacement-based continuum elements in the finite element method is obtained from 
Kt =j 'BT `C`BLdtý (3-31) 
v 
Kt =f `B, L `S'B,,, LdV (3-32) V 
where 
" 'BL is the linear strain-displacement transformation matrix, 
" `BNL is the non-linear strain-displacement transformation matrix, 
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" `C is the incremental stress-strain material property matrix and 
" `S is the matrix of Cauchy or second Piola-Kirchhoff stresses. 
The matrices in Equations 3-31 and 3-32 are obtained based on the calculation of the 
strain-displacement and stress matrices pertaining to the specific element considered. 
Therefore, derivation of the stiffness matrix for line elements is straightforward and 
from a knowledge of the stress-strain law, it can be obtained analytically. But it may 
not be possible to derive accurate mathematical models for the semi-rigid joints, by 
using a purely analytical approach because the state of stress and strain in a semi-rigid 
connection is very complex. The complexity is due to the presence of irregularity, 
stress-strain raisers, discontinuities, localised constraints, widespread inelasticity and 
material hardening and softening [12]. Therefore, identifying and extracting the 
components of the mathematical model (elements of the stiffness, damping and mass 
matrices) of a joint will of necessary require experimental data. 
In this section, the contribution of a connection to the mathematical model of a 
structure, has been treated as a stiffness matrix. Since, the form and the position of 
non-zero elements in the stiffness matrix of a connection are not known, the following 
parametric forms for the stiffness matrices are proposed for a semi-rigid connection. 
The stiffness matrix of a connection may be based on one of the following forms: 
" Spring model 
" Beam model 
" Mechanical model 
9 General model 
The details of the each these models are explained below. 
Spring Model 
The spring model is the simplest model that can be used for the stiffhess matrix 
representation of a semi-rigid connection. In this case, the semi-rigid connection can be 
modelled with discrete springs in the translational and rotational directions. The 
example of a two dimensional model is shown in Figure 3-36. It can be seen from this 
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model that three degrees of freedom (axial, shear and rotational displacement) are 
considered. 
Shear Snrino (k, ' 
Beam 
. -I - 
Figure 3-36: Two dimensional representation of a connection using discrete springs in 
translation and rotation. 
The stiffness matrix for the spring model may be arranged in the form: 
k, 0 0 k, 0 0 
0 k2 0 0 -k2 0 
K_ C 
0 
- 
0 k3 
- 
0 0 - k3 
-- - - - - - 
- 
0 - - k 0 0 k2 0 
0 0 - - 
ki 0 0 k3 
The relationship between the nodal loads and the nodal displacements is as follows: 
NI ul 
vi K -K v, 
M' e' 
4 _ -------------- x ) (3-3 N2 U2 
V2 
- 
- 
-K K v2 
M2 
-02- 
In this equation, 
" N,, V, and M, are the axial force, shear force and bending moment of node 1, 
" N2, V2 and M2 are the axial force, shear force and bending moment of node 2, 
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" u, , v, and 9 are the axial displacement, shear displacement and flexural rotation of 
node l. and 
" u2 , v2 and 92 are the axial displacement, shear displacement and flexural rotation 
of node 2. 
The nodal forces in Equation 3-34 are only dependent on the corresponding relative 
displacements. Since all the off diagonal elements in the submatrices K (Equation 3-34) 
are zero, there is no interaction between the forces. 
The elements of the stiffness matrix, that is, k, , 
k2 
, 
k3 are the unknown elements of 
interest that are to be identified. In this case, there is no coupling between different 
degrees of freedom. Therefore, the model is equivalent to three independent springs 
defining the connection behaviour. This stiffness matrix has been used for some 
practical purposes especially for beam-to-column connections and can be valid for the 
cases when 
" the connection length is very small, 
" relative rotation at the connection is small and 
" the connection has no eccentricity with respect to the attached beam and the neutral 
axis of the connection has continuity with the beam. 
If the connection length is not small then there will be coupling between the shear force 
and the bending moment. Small rotation at the connection will not involve interaction 
between axial force-bending moment capacity and shear force-bending moment 
capacity. Eccentricity at the connection element with respect to the beam element 
causes coupling between the axial force and the bending moment. 
The stiffness matrix in Equation 3-33 for the spring model can be easily expanded to 
the three-dimensional case. 
Beam Model 
The stiffness matrix for a connection in the beam model is based on the stiffness matrix 
of the beam elements and has the form: 
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k, 0 0 k, 0 0 
0 k2 k3 0 - k2 k3 
0 3k k° 0 k3 ks Kfz K= - - 
- k, 
-- -- 0 - --; 0 -- -- k, - -- 0 - - 0 _i 
(3-35) 
KT, 2 ; K22 
0 -k2 -k3 0 k2 -k3 
0 k3 k5 0 -k3 k4 
In this case, the stiffness matrix of the connection element has five unknown 
components. For this model, the connection may have a finite length. 
Mechanical Model 
From the response of semi-rigid connections, it has been found that the force- 
deformation relations are very complex and are coupled rather than uncoupled, as 
normally assumed [102]. Therefore, it was deduced that a stiffness matrix relating 
different forces to different deformations in the connection should be developed for 
semi-rigid connections to understand fully their behaviour. 
The complexity of the connection behaviour, makes it quite difficult to set up simple 
models that are at the same time comprehensive. A mechanical model is proposed for a 
joint that has a finite length and eccentricity. This model is an extended form of the 
spring model that includes coupling between different degrees of freedom. 
The stiffness matrix may have the following general form 
K 
-; 
-K Ký __ Ký K- 
(3-36) 
where K is a 3x3 or 6x6 matrix in two or three dimensional case, respectively. 
Consider Figure 3-37, where a semi-rigid connection is simulated by a mechanical 
model. 
IA 
.-I 
F-+ 
Figure 3-37: A two dimensional mechanical model for a semi-rigid connection 
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In this model, in addition to the axial, shear and rotational stiffnesses, there are 
couplings between the axial force and the bending moment as well as between the 
shear force and the bending moment. The general form of the submatrix K for the two 
dimensional model is 
k, 0 k3 
K=0 k2 k,, (3-37) 
k3 k4 k5 
General Model 
The general stiffness matrix for a two dimensional model of a connection has the form 
1K, KZ 
Kc _-T --- (3-38) K2 i Ks 
where K, and K3 are three by three symmetric matrices and K2 is the transpose of 
KZ 
. The stiffness matrix 
Kc may be represented as 
[Ici k2 k4 k7 k k16 
k3 ks k8 k12 k17 
k6 k9 ki3 k1s 
Kc k10 k14 k19 (3-39) 
k15 k20 
k 2, 
The stiffness matrix in Equation 3-39 is symmetric. Although, in general, it is possible 
to consider a non-symmetric stiffness matrix with all non-zero elements, increasing the 
number of unknown parameters should be limited within reason. 
In this section, three different stiffness matrices, namely, stiffness matrices for the 
spring model, beam model and mechanical model are used. It should be noted that the 
general stiffness matrix in this problem has 21 unknown elements and the experimental 
determination of these elements needs excitation of the structure in such a way that the 
response of the structure is sensitive to all of the degrees of freedom that relate to 
these elements. Otherwise, the elements of the stiffness matrix of the connection that 
are not sensitive to the excitation cannot be identified correctly. 
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3-6-3 Genetic Algorithm 
There are many powerful methods in system identification such as least-squares, 
minimum-likelihood or instrumental variable that are available for use. All these 
methods are based on the same principle and indeed can be described in a unified way 
[3]. They all search for a local optimum by moving in a direction related to a local 
steepest gradient. These methods may be inefficient due to the enormous effort 
necessary for gradient calculation and finite-element analysis. 
Genetic algorithms are search algorithms based on the mechanics of natural selection 
and natural genetics. They combine survival of the fittest among string structures with 
a systematic randomised information exchange to form a search algorithm with some 
of the innovative flair of human search. In every generation, a new set of artificial 
creatures (strings) is generated using bits and pieces of the fittest of the old. 
Occasionally a new part is added for good measure. While randomised, genetic 
algorithms are no simple random walk, they efficiently exploit historical information to 
speculate on new search points with expected improved performance [54]. 
In contrast to conventional search techniques, a simple GA (genetic algorithm) has the 
following characteristics. 
" All the genetic algorithm operations work with finite-length binary strings 
(chromosomes) instead of real parameter sets, resulting in a finite point search 
algorithm. 
" Genetic algorithms consider a group of points in the search space in every iteration, 
called a population of points. 
" Genetic algorithms use a random search based on prior information to guide the 
search, instead of gradient search, so that derivative information and step-size 
calculations are not necessary. 
" Genetic algorithms must work in a bounded space for coding the parameters. 
" Genetic algorithms are not hill-climbing algorithms. So called local hill climbing 
problems are eliminated in these algorithms. Therefore, the probability of being 
entrapped in a local minimum is eliminated. 
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There are two fundamental steps in a genetic algorithm. The first step is coding and 
decoding of the parameter sets by bit strings. The second step is the search algorithm 
in order to find the optimum solution. 
Coding and Decoding 
Genetic algorithms work with the discrete points coded by the finite length binary 
strings and not by the parameters themselves. Hence, they are not dependent on the 
continuity of the parameter space, as shown in Figure 3-38. This feature makes genetic 
algorithms more flexible and efficient than conventional search techniques. 
Since all the genetic algorithm operations work with finite-length binary strings 
(chromosomes) instead of real parameter sets, the parameters should be coded and 
decoded. Consider a function f (U) which is to be maximised between some limits 
U,,,, 
x and 
Um; 
a on the 
design variable U Assume that a 10 digit binary number is used 
to represent the variable U, then the maximum and minimum values of U are 
represented as follows: 
U.. =1111111111 
Umm =0000000000 
A linear scaling can be introduced to convert intermediate values of the binary number 
into physical design variables. Each 10 digit string represents one design and several 
such strings constitute a population of designs. When more than one design variable is 
involved, the bit string representations of each design variable can be stacked head to 
tail to form a single chromosome-like string for the candidate design. 
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Figure 3-38: Space of variables in two dimensions; (a) in real number form (b) in 
binary number form 
Finite length binary strings are usually used for coding. The length of the binary strings 
depends on the required accuracy. If a design variable U has lower and upper bounds 
given as Ums, and Umax, respectively, and must be represented to a precision Ac, then 
a minimum requirement on the bit string length for that variable is obtained from the 
following relationship: 
2mß 
Umax 
- 
Umirr 
+1 
Ac 
where m is the length of the bit string. 
(3-40) 
For example, a real variable U whose range is 0<_U<_1000 can be coded as a 10 digit 
stnng 
0000000000<_ U <_1111111111 
There are a total of 210=1024 points in this range and Ac =0.977. For example, the 
point 0000011100 represents 
U=0.0+ 
(24 +2 3 +2 2ý 
210 x 
(1000.0 
- 0.0) = 27.3438 
based on the following formula for coding and decoding 
U=v 
min 
+B Umax - 
Umin) 
U2 
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(3-41) 
where 
41 U is the value of the string, 
"U- and Um, x are 
lower and upper bounds for U, 
eL is the length of the binary string and 
"B is the decimal integer value of the binary string. 
To code multiparameter problems, it is simple to concatenate the parameters end by 
end and present them as a single string. For example, if there are four parameters Ul, 
U2, U3 and U4, using 10 bits to code a single parameter, the string will contain 40 bits. 
For example, for four randomly selected parameters U1=1100011000, U2 
=0010011101, U3=1010001 101 and U4=011101110, the string becomes 
1100011000 00100111011010001101011101110 
U1 U2 U3 U4 
Search Algorithm 
A simple genetic algorithm that yields good results for many practical problems is 
composed of three operators: 
9 selection (reproduction) 
" crossover 
" mutation 
Selection is simply a process to decide which strings should survive and how many 
copies of them should be produced in the `mating pool'. The decision is made by 
comparing the `fitness' of each string with the average fitness of the population. The 
fitness is an indicator of the survival potential and reproductive capability of the string 
in the subsequent generation. For an optimisation problem, the fitness is the objective 
function or a combination of objective function and constraints. In maximisation 
problems, a string with a greater fitness will receive correspondingly more copies in the 
new population. On the other hand, in minimisation problems, a string with smaller 
fitness receives more copies in the mating pool. Suppose that the population size is n, 
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the fitness of the Ph individual string in the current iteration is f, , the summation of the 
fitnesses in the current iteration is f, and the average fitness of the current iteration 
is fQ,,, = 
f""" 
. 
Then, the probability that the i" individual string will be selected for 
n 
the mating pool is 
P,, = ja / fauna (3-42) 
and the number of copies the Ph individual string receives is determined by 
»um, =nxp,, =f, /f, (3-43) 
These are the so-called survival of the fittest aspects of the genetic algorithm. The 
`better' strings receive more copies to go into the mating pool so that their desirable 
characters may be passed onto their offsprings. 
Consider the following simple maximisation problem: 
maximise F(X) = X2+2X subject to 0.0: 5 X: 563.0 
Suppose a binary string with a length of six is used to code the real variable X and set 
the population size to be four. Using a random process, four starting points 011111, 
111000,001000 and 100001 are chosen. The four strings represent the real values 
31.0,56.0,8.0 and 33.0, respectively. The fitness values of the function F, are 1023.0, 
3248.0,80.0 and 1155.0, respectively, and the corresponding numbers of copies these 
strings receive are theoretically 0.74,2.36,0.06 and 0.84. Thus, by rounding off these 
numbers, there will be one copy of 011111, two copies of 111000, one copy of 100001 
and no copy of 001000 in the mating pool. In practice, selection is done at random. A 
range is created according to the fitness of each individual. Thus a better string will 
occupy a bigger portion in the range and consequently has more chance of being 
chosen for the mating pool. 
Crossover is a way for two high fitness strings (parents) to produce two offspring by 
mixing and matching their desirable qualities through a random process. After 
selection, the crossover proceeds in two steps. First, two newly reproduced strings are 
selected at random for mating from the mating pool. Next, some bits chosen at random 
are exchanged between these two strings. Several methods can be used for choosing 
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portions to be swapped. In this work, one-point and uniform crossover have been 
employed. 
To perform one-point crossover, one crossing site along the string is selected at 
random, as shown in Figure 3-39. Then, one segment is swapped between the two 
strings, and two offsprings are produced as follows. 
Before crossover 
String 1 ýý111 
After crossover 
7 New string 1 
011011 
Crossover 
011 
2-[- 
111 11 1'_New 
string 2 
Figure 3-39: A schematic representation of one-point crossover showing the alignment 
of two strings and the partial exchange of information using a cross site chosen at 
random 
The uniform crossover is based on a randomly created binary string, called a mask [3]. 
A mask acts like a sieve. Parent strings are asked to exchange the bits on the positions 
where the corresponding position in the mask is zero. Otherwise, no exchange of bits is 
performed. The percentage of exchanged bits between two parent strings can be varied 
from 0% to 50% by controlling the percentage of zeros in the mask string. The 
following example (Figure 3-40) shows how the 40% uniform crossover operation 
works (note that the mask string contains 4(Y% zeros). 
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Old populatior 
4 Parent string -º 1000110101 
Parent string 10 0011101100 
New population 
4 
, u. Mask 1011111100 --b-Offspring 
ing -º 1000110101 
1 
1100110110 
ing 0011101100 0000100101- * Offspring 
Figure 3-40: A schematic representation of the uniform crossover 
Although the crossover is done by random selection, it is not the same as a random 
search through the search space. Since it is based on the selection process just 
described, it is an effective means of exchanging information and combining portions of 
high fitness solution. 
Selection and crossover are simple operations. Their implementation simply requires 
generating random strings, making copies of the strings and swapping portions of the 
strings. However, selection and crossover considered together give genetic algorithms 
much of their power. 
The third operation in genetic algorithms, called mutation, play an important role as a 
safeguard. Mutation occurs with a small probability in the genetic algorithm to reflect 
the small rate of mutation existing in the real world. Some digits at a particular position 
in all strings may be eliminated during the selection and crossover operations. Such a 
situation is impossible to be recovered from by using only selection and crossover 
operations. To avoid such a deadlock situation, in the mutation phase, some bits will 
be changed in all the strings according to the mutation rate. For example, in the 
following eight string population, the fifth position (from left) contains a0 in all strings 
and, consequently, character 1 would never be produced on position five if only 
selection and crossover operations are used. 
110001 101001 000100 111101 
010101 000001 111000 011100 
This situation may create an additional constraint in the search domain and may 
prevent the achievement of the desired solution. 
0000100101-º Offspring 
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3-6-4 Physical Experiments 
System identification is normally achieved with the help of data gathered from dynamic 
testing. The main issues in the test are 
" the response of the structure should have enough sensitivity for the changing of the 
unknown parameters in a suitable tolerance, 
" enough data should be gathered so that the relationship between the number of 
unknown parameters and the data recorded is satisfied. 
In general, static and dynamic tests can be performed on a structure. Since in this 
section only dynamic testing has been used, the relevant problems associated with that 
are discussed. The most relevant methods that can be employed in dynamic testing 
with respect to the identification problems, can be categorised into two domains; Time 
domain and Frequency domain. When the equation of motion contains parameters 
which might be frequency dependent, such as stiffness K or damping C, the frequency- 
domain approach is superior to the time-domain approach [31]. Experimental and 
analytical results show that the natural frequencies of a structure are often significantly 
affected by small changes in the joint characteristics and also the mode shapes are 
sensitive to joint mechanism [61]. Here, in order to identify the connections stiffhesses 
the natural frequency test is used. 
There are two main methods to excite a structure in order to obtain the natural 
frequencies of the structure. Either a shaker is connected to the structure which 
provides a force proportional to a specified input voltage, or the structure is hit, 
usually with an instrumented hammer [44]. A third method which is some times useful 
is to pre-load the structure with a static force, which is then released to produce a step 
load on the structure. 
In this study, the hammer test was used for the dynamic test. The signal at the first 
stage of the hammer test is in the time domain and represents the force input to the 
structure. The response in this stage is a function of time and measured at discrete 
sampling instants. 
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Since the time domain data are difficult to interpret, the time domain is transferred to 
the frequency domain. In the frequency domain the signal is described by its 
constituent frequencies. 
The equation of motion for a freely vibrating undamped system is. 
A +Kx=0 
where 
(3-44) 
"2 and x are the n-dimensional vectors of acceleration and displacement, 
respectively, 
"M is the nxn mass matrix of the structure and 
"K is the nxn stiffness matrix of the structure. 
The stiffness matrix is a function of the tangent stiffnesses of the connections. If the 
structural parameters of interest (namely, tangent stiffnesses of the connections) are 
denoted by k,, 
, 
kt2 
, ... , 
kam, then the eigenvalues and eigenmodes of the structure will 
also be functions of k,, , kt2 , ..., kt, , that is, 
(K-&, (k)M){q(k)). =0 
Where 
" w{ (k, ) is the i' eigenvalue of the structure and 
" 
{co(k)) is the n-dimensional eigenvector for the i" mode. 
3-6-5 Criterion of Fit (Fitness Function) 
(3-45) 
Criterion of fitness depends on what is being measured. If the measured and 
analytically determined eigenvalues are denoted by w,, and w., respectively, the 
optimisation problem can be considered as determining the stiffness matrix of the 
connections that minimise the fittness function representing the difference between the 
analytical and experimental responses and stated as follows: 
2 (Wm 
- WO) (3-44) 
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Here, w,  and wä represent the i `" measured and analytical natural frequencies. This 
minimisation requires that co,, be obtained from the natural frequency analysis. 
It is well known that the data obtained from the structure under test have noise (error). 
There are different techniques for reducing and/or estimating the noise in the results. 
The estimation of the natural frequencies is usually very good, whereas mode shape 
and damping estimates usually contain noise [44]. Since, in this study for the 
identification of connection stiffness, the fitness function is based on the natural 
frequencies of the structure, the effect of noise has not been considered in the results. 
3-7 Natural Frequency Test 
A test set up for identifying the connection stiffness matrix was designed and 
assembled in the laboratory. The test model was a cantilever beam that was connected 
to the support with a MERO joint. The beam was tubular with a diameter of 60.5 mm 
and a thickness of 1.6 mm. The length of the beam was 1000 mm. For the natural 
frequency measurement, the hammer test was used as shown in Figure 3-41. 
Figure 3-41: Test set-up for hammer test 
Figure 3-42 shows the time-amplitude response of the beam during the hammer test. 
The data were recorded using a high speed data logger obtaining 30 samples per 
second. For obtaining the frequency domain response, the Fast Fourier Transform 
(FFT) was used. The result is shown in Figure 3-43. This shows that the first natural 
frequency of the beam is 10 Hz. 
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Figure 3-42: Time-Amplitude response obtained from hammer test for a cantilever with 
semi-rigid joint 
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Figure 3-43: Frequency-Amplitude response obtained from FFT 
Figure 3-44 shows the finite element model of the cantilever. In representing a 
continuous system by a finite element model, it is inevitable that errors will be 
introduced owing to the process of discretisation. Considering this, the analytical 
model of the beam was discretised to ten beam elements of equal length, as shown in 
Figure 3-44. Discretisation of the cantilever with different numbers of elements 
confirmed that ten beam elements did not give rise to significant error. 
Cy 
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liNg 
10@ 100 mm F®R 
Semi-rigid Joint 
Figure 3-44: Ten beam elements and one connection element used in the finite element 
discretisation 
Three different stiffness matrices, namely, a spring model, beam model and mechanical 
model were used for the semi-rigid joints in the finite element modelling, as discussed 
in Section 3-6-2. These stiffness matrices are as follows: 
k, 0 0 k, 0 0 
0 k2 0 0 - k2 0 
K 
0 
- 
0 
-- -- 
k3 
--- 
0 
- 
0 
-- 
- k3 
k - - -- - 0 - 
0 0 - k2 0 0 k2 0 
0 0 - k3 0 0 k3 
k, 0 0 -k, 0 0 
0 k2 k3 0 - k2 k3 
0 k3 k4 0 -k k - -- k ----------- - 00k 
3 5 
--------- 
, , 0 0 
0 - k2 -k3 0 k, -k3 
0 k3 k5 0 - k3 k4 
k, 0 k3 - k, 0 - k3 
0 k2 k4 0 - k2 -k4 
k3 k4 k5 - k3 - k4 - k5 _ K -------- k, 0 -----r--------- - k3 k, 0 
----- k3 
0 -k2 -k4 0 k2 k4 
L- k3 - k4 - k5 k3 k4 ks 
These stiffne ss matrices are considered to be the 
spring model 
beam model 
mechanical model 
contribution of the semi-rigid 
connection in the stiffness matrix of the structure (here a cantilever beam). 
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Three main parts of the identification process shown in the flowchart of Figure 3-35 
were organised and a suitable program was written by the author. For the frequency 
analysis, the finite element package ABAQUS was used which was connected to the 
genetic algorithm program interactively. The process of identification is described as 
follows. 
To begin with, based on one of the selected stiffness matrix models for the connection, 
the elements of the stiffness matrix are randomly chosen and imported to the frequency 
analysis program. In the next step, the natural frequencies for the mathematical model 
are obtained and compared with the experimental results. This procedure is carried out 
for all the populations. If the fitness criterion is satisfied then the best population is 
reported. Otherwise, the next generations in the genetic algorithm continue until the 
desired result is achieved. Table 3-7 gives the parameters that are used in the genetic 
algorithm for solving the problem with three different stiffness matrices. In the genetic 
algorithm, the bounds of variation of parameters should be given in advance. This is 
achieved by giving these bounds roughly based on considering the values for the rigid 
case and the relatively flexible case. For the upper bound (rigid case) they were 
estimated based on the stiffness matrix of the rigidly jointed cantilever. For the lower 
bound (flexible case) they were considered to be approximately one hundred times less 
for the rotational stiffhesses and ten times less for the other stiffhesses. In the coding of 
parameters, the rotational stiffnesses use 8 bits to code and the other stiffnesses 3 bits. 
Figure 3-45 shows the number of generations and the percentage of the error. The final 
results are given in Table 3-8. 
Table 3-7 
Stiffness 
matrix model 
Population 
size 
Number of 
parameters 
Mutation 
probability 
Crossover 
probability 
Type of 
Crossover 
Spring 3 3 0.01 0.5 uniform 
Beam 3 5 0.01 0.5 uniform 
Mechanical 3 5 0.01 E 0.5 uniform 
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Figure 3-45: Variation of error with respect to the number of generations during the 
identification process 
Table 3-8 
Joint Model kl k2 k3 k4 k5 
spring 8.1 x 104 1.7x 103 65000 - - 
(kN/mm) (kN/mm) (kN mm) 
beam 4.52x 10° 1.04x 104 0.0 64000 1623 
(kN/mm) (kN/mm) (kN mm) (kN) 
mechanical 9.3x 106 8.26x 106 1000 8630 65000 
(kN/mm) (kN/mm) (kN) (kN) (kN mm) 
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The principle conclusions that can be drawn by considering the results of Figure 3-45 
and Table 3-8 are as follows: 
" The mechanical model is more efficient than the other models. This model is able to 
predict the natural frequency of the cantilever with good accuracy where error after 
100 generations tends to zero. 
" The error for the spring and beam models did not reduce further than 5%. 
" The rotational stiffnesses in the three models, that is, k3, k4 and ks for the spring, 
beam and mechanical models, respectively, have been estimated to be about 65000 
kN mm. 
" Since the first mode of the cantilever is flexural, the first natural frequency was not 
very sensitive to the other stiffnesses. 
" The entire moment-rotation behaviour of the connection was also obtained from a 
separate test as will be explained in Chapter 4. Figure 3-46 shows the result 
obtained from GA together with the result obtained from the direct measurement of 
the moment-rotation curve. The figure indicates that the result of GA is reliable. 
" The connection parameter C, as discussed in Section 3-2-2, can be found from the 
hammer test. This allows the prediction of the whole behaviour of the connection by 
the mathematical model (Equation 3-1). Figure 3-46 shows the result of the 
prediction of the connection behaviour. For the mathematical model, Mu and C are 
evaluated by using Equations 3-4 and GA, respectively. 
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Figure 3-46: Estimation of initial stiffness using GA 
3-8 Concluding Remarks and Discussion 
The prediction of the behaviour of semi-rigid connections is an essential step in the 
semi-rigid analysis. The author's intention in this Chapter was to use and develop 
suitable methods in this regard. The behaviour of a semi-rigid connection can be 
obtained by experimental and analytical approaches involving 
" the connection itself or 
" the semi-rigidly jointed structures. 
This Chapter utilises both approaches and is divided into two parts. In the first part the 
behaviour of the connection is predicted using a proposed mathematical model. The 
performance of the proposed mathematical model is verified using experimental data. 
The finite element technique is also used for the prediction of a ball jointed system. In 
the second part, three different novel techniques based on the system identification 
method are employed. These techniques include 
" the sensitivity function method, 
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" neural networks and 
9 the genetic algorithm method. 
Here, system identification is used for the identification of structural model parameters 
(stiffness of the semi-rigid connection). 
The function approximation technique gives a mathematical method for estimation of 
the connection characteristic. In this technique, instead of using the sensitivity matrix 
(Equation 3-16) a sensitivity function is used. This function simulates the rate of 
change of eigenvalues for different connection semi-rigidity based on the results of the 
eigenvalue analysis for the corresponding pinned and rigidly jointed structures. Three 
examples are used to show the efficiency of the technique. 
The use of neural networks in the identification of the degree of semi-rigidity of the 
connections is shown in Section 3-5. Here, the identification is based on information 
about the natural frequencies of a structure for pinned, semi-rigid and completely rigid 
cases. A main feature of a neural network is that it has to be trained. The training is 
achieved by feeding a suitable neural network with examples. Then the trained neural 
network is used to predict the degree of semi-rigidity of the connections. 
In Section 3-6 a genetic algorithm is used for the identification of the semi-rigidity of 
connections. Genetic algorithm as a global search technique is used to minimise the 
differences between the results of the mathematical model and the dynamic tests. The 
approach presented in this section allows not only the evaluation of axial, shear and 
rotational stiffnesses of the connection but also the coupling effects between these. The 
performance of the method was checked by a number of examples and the results of 
one example is reported. 
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CHAPTER 4 
EXPERIMENTAL STUDIES OF THE AXIAL FORCE-BENDING MOMENT 
INTERACTION IN A CONNECTION 
4-1 Introduction 
In a space structure each connection can be subjected to different ratios of axial force 
and bending moment. The interaction of the axial force and bending moment in a semi- 
rigid connection in a space structure is a complex phenomenon and a mathematical 
model that represents this phenomenon has not been reported in the literature. 
A test procedure is presented in this Chapter that enables realistic testing of a space 
structure jointing system by applying different combinations of axial forces and 
bending moments to the connection. The test procedure has been used in 12 
experiments to study the behaviour of a practical ball jointing system (NERO joint). 
Figure 4-1 shows the details of this jointing system which is widely used in the 
construction of space structures. 
Sleeve 
Dowel pin 
Ball Tube 
Sleeve End cone Ball 
i 
Bolt 
Tube 
Centre of ball 
i End cone 
Bolt 
Tube 
Sleeve 
End cone 
2 Dowel pin 
Figure 4-1: Details of a MERO ball joint 
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4-2 Test Programme Objectives and Scope 
The main objective of the test programme was the experimental study of the effects of 
compressive axial forces on the moment-rotation characteristics of a joint. The results 
were required for modifying the mathematical model of the connection described in 
Section 3-2-2 to include the effects of axial force. With the modified mathematical 
model, it will then be possible to determine the effects of the axial force on the 
behaviour of space structures using finite element analysis. This will allow a more 
accurate estimate of the behaviour of space structures. 
4-3 Test Arrangement Design 
Tests on the moment-rotation behaviour of beam-to-column connections have been 
conducted by a number of investigators using different arrangements such as 
cantilevers, cruciforms and simply supported beams involving bending moments and 
shear forces [ 104]. However, due to the presence of axial forces in the joints of space 
structures, these arrangements are not suitable for testing space structure jointing 
systems. Suitable test arrangements in relation to space structures should provide the 
possibility of the inclusion of axial forces. 
In general, there can be two approaches for including the axial force in the connection: 
1. Non-proportional loading, 
2. Proportional loading. 
In non-proportional loading, the loading is applied in two separate steps on the model 
to produce axial force and bending moment independently. To elaborate, consider the 
configuration in Figure 4-2 that shows a simple mechanical model of a joint. The 
model has been idealised as two rigid parts joined by a number of non-linear springs. 
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Non-linear spring 
Rigid part 
... ý :.;. ý ýý ti 
Rigid part 
Figure 4-2: Mechanical model of a semi-rigid connection 
In non-proportional loading, a constant axial load N is applied to the model, as shown 
in Figure 4-3 a. This will cause the springs to be compressed. In the next step, a 
bending moment M is applied from zero up to a desired value, as shown in Figure 4- 
3b. The applied bending moment is resisted by the springs through a combination of 
tension and compression, where tension in this context is equivalent to the reduction of 
the compression in some springs due to the axial load. 
Figure 4-4 represents the variation of axial force with respect to bending moment for 
non-proportional loading. 
Where 
"N is the applied axial force, 
" Ny is the axial force yield capacity of the joint, 
"M is the applied bending moment and 
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" Mu is the ultimate moment capacity of the joint. 
The variation of the axial force and bending moment is shown by solid lines in Figure 
4-4. The magnitudes of the axial force and bending moment have been scaled with 
respect to the axial force yield capacity and the ultimate moment capacity of the joint, 
respectively. The diagram indicates that during the loading history, for the first part of 
the path there is no bending moment in the joint. Then when the axial force reaches a 
specific value, the bending moment starts to increase. As shown in Figure 4-4, the non- 
proportional variation gives rise to the `step variation' in the axial force-bending 
moment diagram. 
This type of loading is applicable to some special cases. For example, it is applicable 
for column-base connections, when the structure is at first subjected to gravity load 
followed by wind load. In general, non-proportional loading does not represent the 
actual situation of connections in a space structure. 
N/NY 
1.0 
0.5 
First step of 
loading 
Second step of 
loading 
M/MU 
Figure 4-4: Step variation of the axial force-bending moment diagram in non- 
proportional loading 
In fact, the results of a large number of numerical analyses of different space structures 
by the author show that the variation of axial force and bending moment should be 
represented by a ramp-like variation. For example, the results of analysis for two types 
of space structures, namely a single layer grid dome and a double layer grid are given 
below. The configurations of these structures are shown in Figures 4-5a and 4-6a. In 
these structures, the connections were considered to be rigid. 
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0.5 1.0 
From the results of non-linear analysis of these structures under gravity load, the 
variations of bending moment and axial force for some elements have been plotted and 
shown in Figures 4-5b and 4-6b. These figures show that the variation of axial force 
and bending moment can lie in any position on the N/Ny, M/Mu plane. 
Grid dome 
(a) 
1.0 
0.5 
° z 
-0.5 
-1.0' ' 
-0.6 -0.2 0 0.2 0.6 1.0 
M/MU 
(b) 
Figure 4-5: (a) A single layer grid dome (b) Variations of the axial force-bending 
moment for a range of elements for the dome of Figure 4-5(a) 
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Figure 4-6: (a) A double layer grid (b) Variations of the axial force-bending moment 
for a range of elements for the grid of Figure 4-6(a) 
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In proportional loading, the axial force and bending moment are applied at the same 
time with their values starting from zero. Because of the presence of bending moment 
from the beginning, some springs may not be compressed initially as shown in Figure 
4-7 (if the effect of the axial load on those springs is less than the moments). In this 
case the variation of the axial force with respect to the bending moment will start from 
the origin. 
N/Ny 
4/Mu 
(a) 
(b) 
Figure 4-7: (a) Proportional loading in a connection (b) Variation of the axial force- 
bending moment 
Curve C in Figure 4-7(b)can lie anywhere between the horizontal and the vertical axes. 
When the connection is dominated by bending moment, the curve lies near the 
horizontal line and when the element is dominated by axial force, the curve will lie near 
the vertical line. In general, the curve is not linear over its whole path. 
In non-proportional loading under the action of the axial load, the springs experience 
an axial force NI on the force-deformation (N-S) curve. When a bending moment M is 
applied to the connection the lowermost spring will continue to load but the uppermost 
spring will unload (Figure 4-8). 
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Figure 4-8: Variation of the axial force in the two springs during non-proportional 
loading 
In proportional loading, the springs will follow force deformation (N-S) curves of the 
type shown in Figure 4-9. 
N 
0 
0 
Figure 4-9: Path followed by springs in proportional loading 
In view of the above, the test set up was designed and constructed on the basis of 
proportional loading. This was done in order to achieve the best simulation of real 
connection behaviour. 
4-3-1 Basic Requirements for the Set-up 
A suitable set-up for the evaluation of the effects of axial forces on bending moment- 
rotation characteristics should fulfil the following requirements: 
" Axial force and bending moment in the connection should start by varying 
proportionally. 
110 
" The set-up should allow simulation of different N/Ny-M/M curves in the N/Ny- 
M/Mu plane. 
4-3-2 Experimental Set-up 
To conduct the experimental investigations into the behaviour of semi-rigid 
connections in space structures, the test set-ups shown in Figures 4-10 and 4-11 were 
constructed and used for the experimental work. The main components of the test set- 
ups are a computer-based data acquisition system, a testing frame, a 30 ton hydraulic 
jack, a 50 ton load cell and test models. 
4-3-3 Test Models 
In order to provide different ratios for the variations of the axial force with respect to 
the bending moment, four model arrangements were designed and constructed. These 
model arrangements are designated as Model 1, Model 2, Model 3 and Model 4 and 
are described below. 
4-3-4 Modell 
Model 1 was designed to determine the moment-rotation characteristics of a 
connection in the absence of axial force. The details of the model are shown in Figure 
4-10. The supporting base is connected to the testing frame through a thick steel plate. 
Then a tube with two end connectors is connected to the supporting base and ball 1. 
An additional ball, that is ball 2, is jointed to ball 1 in order to accommodate the 
measurement devices. A load is applied to ball I by pulling two parallel vertical high 
tensile bars through a hydraulic jack. The load produces the bending moment in the 
joint. The details of the measurement devices will be explained later. 
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To load cell and 
measurement devices 
F 0-- 1 Q- 
Figure 4-10: Model I for bending moment dominance 
4-3-5 Models 2 to 4 
Models 2 to 4 were similar to the Model I except for an additional high tensile bar 
which was added to the models. Figure 4-11 shows the details of Models 2 to 4. In this 
figure a is the angle between the tube and the high tensile bar. By choosing different 
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values for a, it was possible to control the ratio of bending moment and axial force in 
the connection. The two ends of the high tensile bar could rotate easily. 
Heading 
To load cell and 
measurement devices 
Q- - 
Figure 4-11: Model 2-4 for simulating different rates of axial force and bending 
moment 
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4-4 Material Properties 
The models were made using: 
" MERO ball jointing system (kk system) 
" MERO tubes 
" High tensile steel thread bars 
The MERO jointing system is one of the oldest proprietary space frame jointing 
systems available, having been developed in Germany in 1940 [7]. The system consists 
of tubular steel members with spherical forged steel ball joints, as shown in Figure 4- 
12. The tubes are connected to the ball by means of a cone welded to the end of the 
tube through which a high tensile bolt is screwed into the ball by means of a sleeve. 
The dowel pin is used to constrain the bolt to the sleeve in order to facilitate turning of 
the bolt. The window on the sleeve permit the inspection of the amount of penetration 
of the bolt inside the ball. 
Ball Window Bolt 
Figure 4-12: Details of MERO joint 
Compressive force in the tube is transferred to the ball by direct bearing through the 
cone and sleeve. Tension in the tube is transferred to the ball via the cone and the bolt. 
The tubes are ST 37-2 in accordance with DIN 17100. Cones are hot-stamped, forged 
and sand blasted (made from ST 37-2). Sleeves are made from hexagonal tubes. The 
steel quality is 95 Mn 28k in accordance with DIN 1651. The yield stress of this 
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Dowel pin End cone 
material is 380 mpa and its ultimate strength is around 470 mpa. The dowel pins are 
made from tool steel hardened and tempered to a strength of 1400 mpa [7]. 
The bolts are made from 10.9 tempered steel in accordance with DIN 17200 of quality 
10.9. The number 10 shows one tenth of the minimum ultimate tensile strength in 
kgflmm2 and the digit 9 shows the percentage of one tenth of the ratio of the tensile 
yield strength and minimum ultimate tensile strength. 
MERO balls are forged steel spheres. The material is normalised grade C45 steel in 
accordance with DIN 17200. The steel is annealed and sand blasted. 
4-4-1 Control Test 
In order to obtain reliable information about the material characteristics, a series of 
preliminary tension and compression tests was undertaken as described below. 
4-4-2 Tension Tests of Tubes 
Two 60 mm diameter tubes were tested to failure in tension. The main purpose of 
these tests was to obtain the elastic limit strain and modulus of elasticity of the tube 
material. 
For gripping the tube ends in the testing machine, two high tensile nuts were welded to 
the ends of the tubes and a high tensile bar threaded into the nuts, as shown in Figure 
4-13. A Schlumberger 3530 Orion data logger was used in conjunction with a Packard 
Bell microcomputer to record all the data monitored during the test programme. 
A Satec twin screw driven testing machine was used for the tensile test. This machine 
had a maximum capacity of 500 kN and was controlled by a Howden control unit. 
Displacement Measurements: Two parallel RDP111,113 linear variable differential 
transformer (LVDT) transducers were used to obtain the axial deformations of the test 
samples. The transducers had a working range of ±15 mm. Before the test programme 
commenced the transducers were calibrated over their full working range using a data 
logger and a specially modified micrometer. 
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Welding 
LVDT Mý LVDT 
Tube To loading device 
and LVDT 
Nut 
Data logger 
Figure 4-13: Set-up of tension test for tubes 
Two 60 mm diameter tubes were tested in tension to failure in order to obtain the 
Young's modulus and the elastic strain of the material. The tension tests were carried 
out with the loading machine under displacement control. The strain rate was 0.2 
mm/minute up to the yield point and 0.5 mm/minute thereafter. 
4-4-3 Tension Test of Coupons 
Three coupon specimens cut from a tube were used for the tension test. For gripping 
of sample ends in the machine, two blocks were welded to the ends of the coupons as 
shown in Figure 4-14. A Schlumberger 3530 Orion data logger was used in 
conjunction with a Packard Bell microcomputer to record all the data monitored 
during the test programme. 
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Welded block 
All, 
Coupon 
Tube 
Strain gauge 
1 
Figure 4-14: Coupon specimen cut off from a tube for the tension test 
A HOWDEN Eu500 screw-type testing machine controlled by a HOWDEN E179A 
control unit was used for the testing. The testing machine had a maximum capacity of 
50 kN. 
In order to measure strain, at first, a dual RDP HOWDEN extensometer (DHE 25/50 
type) with a gauge length of 50 mm was utilised. However, because of damage to the 
extensometer, the results were not useful. Therefore, for the third specimen, two strain 
gauges were used, cemented on both faces of the sample at the centre on axes parallel 
to the centre line of applied load. 
The tension tests were carried out with the loading machine under displacement 
control. Figure 4-15 show the stress-strain curves resulting from the experimental 
tensile tests. 
Table 4-1 gives the average values for Young's modulus and yield strain cy obtained 
from the three specimens. 
Table 4-1: Average material properties obtained from two tubes and one coupon 
specimen, tested to failure in tension 
Young Modulus (kN/mm2) Yield strain EY (%) 
207 0.15 
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Figure 4-15: Stress-strain curve for tube material 
4-4-4 Compression Test of Sleeve 
In order to estimate the maximum compressive load that the sleeves could carry, a 
compression test was carried out. The dimensions of the sleeve are given in Figure 4- 
16. The experimentally obtained load-deflection curve is plotted in Figure 4-17. The 
presence of the window had a significant effect on the sleeve behaviour. During 
loading, cracks were observed around the window. The maximum compressive load 
that the sleeve could carry was approximately 264 kN. 
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Figure 4-17: Load-deflection behaviour of the sleeve under compressive load 
4-4-5 Properties of the High Tensile Steel Threadbars 
The presence of high tensile steel threadbars in Model 2-4 allowed introduction of 
axial force in the connection. In order to avoid plastic deformation, it was necessary to 
use material with high yield capacity. This was achieved using high tensile steel. Table 
4-2 gives the mechanical and physical properties of the high tensile steel threadbars 
used in the experiments. 
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Table 4-2: Mechanical and physical properties of the high tensile steel threadbars 
Bar Steel Grade Ultimate Yield Cross Pitch 
Diameter Yield/Ultimate Strength Strength Section (mm) 
(MM) (N/mm2) (kN) (kN) (mm2) 
15 885/1080 191 157 177 10 
20 885/1080 345 283 314 10 
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4-5 Data Acquisition System 
In order to measure the static 
" displacements, 
" strains and 
" loads, 
a data-logger was used to collect the data, process them and record the results. The 
data-logger was controlled using an Alpha-16 computer running BASIC software. The 
arrangement of the experimental instrumentation is shown schematically in Figure 4- 
18. As indicated in this figure, the displacement transducers (LVDTs) were connected 
to the data-logger through a scanning box and amplifiers. The load cell and strain 
gauges were connected directly to the data-logger. The information received by the 
data-logger was sent to the computer. After the processing of the data by the 
computer, the results were prepared for post-processing. 
User 
LVDT Scanning Box Computer 
Amplifiers Data Logger Strain Gauges 
Load Cell 
Figure 4-18: Schematic representation of the data acquisition system 
4-5-1 Strain Measurement 
Precision electrical resistance strain gauges were used to measure the strain in the tube 
and high tensile bar in all the models. All of the strain gauges used had a resistance of 
120 ohms and were manufactured by SHOWA measuring instruments. Strain gauge 
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types N11-MA-8-120-11 (with base material polyimide) and N11-FA-8-1209-11 (with 
base material polyester) were used for all the models. These strain gauges are narrow- 
resistance gauges with compact geometry manufactured using a constant alloy foil and 
are self-temperature compensated. 
Six N II-FA-8-1209-11 strain gauges were fixed centrally near the end of the tube 
close to the joint as shown in Figure 4-19. 
140 mm 50 mm 
- Strain gauge 
Figure 4-19: Position of strain gauges 
Two N11-MA-8-120-11 longitudinal strain gauges were fixed centrally at the mid- 
length of each high tensile bar. These two strain gauges were connected together in 
such a way as to measure the average of the strains on the two sides of the cross 
section as shown in Figure 4-20. 
Strain gauge 
Figure 4-20: Position of strain gauges 
Before fixing the strain gauges, the positions of the strain gauges on the surfaces were 
smoothed by emery-paper. The strain gauges were cemented onto the members using 
M-bond 200 cement and every gauge was protected after installation using M-coat D 
coating. Each of the strain gauges was connected with its own high precision dummy 
resister to form a quarter bridge. Both the strain gauge and dummy resistor were 
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connected to the measurement system incorporated in the data-logger using the five 
wire system shown in Figure 4-21. The figure shows the circuit used to obtain a 
quarter bridge. Each strain gauge was energised by a switched twin constant current 
supply set at 5 miliamps. The measuring system provides twin, constant-current 
energising for each of the strain gauges and this was only switched through each gauge 
during the actual measurement period. This minimised the heating of the gauge and 
also decreased lead wire errors to a minimum. All of the output voltage signals from 
each of the strain gauges were converted into strains using a constant value for the 
energising current and the gauge factor. 
S+ 
B2 
S- 
B1 
Local 
strain 
G 
S+ Signal lead (+ve) 
B2 Constant-current energising sink (-ve) 
S- Signal lead (-ve) 
B1 Constant-current energising sink (+ve) 
G Gaurd and energising source (+ve) 
Figure 4-21: Strain gauge circuit 
4-5-2 Displacement Measurement 
In order to provide enough information and monitoring of joint rotation in the 
connection, eight transducers (LVDT) were used. Figure 4-22 shows the positions of 
these transducers. Table 4-3 summarises the specifications of the transducers. 
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Figure 4-22: Positions of LVDTs in all models 
Table 4-3: Specifications of LVDT transducers 
LVDT Type Range (mm) 
1 MD5/500AGRA +15 
2 MD5/500AGRA +15 
3 D5/300AGBA ±10 
4 MD5/500AGRA ±15 
5 MD5/500AGRA ±15 
6 ACT300A ±80 
7 ACT300A +80 
8 ACT300A ±80 
Before testing commenced, each LVDT transducer was calibrated separately. The 
transducers were all switched in turn through an amplifier. They were calibrated over 
their full working ranges using the data-logger and a specially modified micrometer. 
Several voltage readings were taken at each displacement increment and the calibration 
factor for each transducer was calculated using the method of least squares to obtain 
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the best straight line through the data points. Figure 4-23 shows the voltage- 
displacement responses of the LVDT transducers. These responses were used to 
determine the calibration factors and working ranges of the LVDT transducers. 
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Figure 4-23: Voltage-displacement responses of the LVDT transducers 
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4-5-3 Monitoring of Joint Rotation 
Monitoring of joint rotation was a crucial task during the tests. The rotation was 
obtained using two sets of independent displacement transducers. In the first set, two 
MD5/500AGRA short stroke transducers were mounted on the top and bottom of the 
tube, as shown in Figure 4-24. The transducers had a working range of ±12.5 mm. 
Before the test programme commenced the transducers were calibrated over their full 
working range using the data logger and especially adapted micrometer. 
Perspex 
T 
Figure 4-24 
Ball 
The rotation of the tube end can be calculated at any load level from the following 
equation: 
D1+D2 
L 
(4-1) 
Where L is the distance between the centrelines of the two transducers and D1 and D2 
are the absolute values of the displacements obtained from the transducers. 
This is justified on the grounds that only with relatively stiff connections and high 
bending moments does the contribution made by the tube curvature become 
significant. In the above equation, the contribution of the beam curvature to the joint 
rotation is neglected. 
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In the second set, three transducers, designated as LVDT 3, LVDT 4 and LVDT 5 
were placed on the tube. These transducers were mounted on a steel plate as shown in 
Figure 4-25. The steel plate was connected to the supporting ball. 
Supporting ball 
Steel plate 
Figure 4-25 
In this case the rotation of the beam end could be calculated at any load level from the 
following equations: 
D4-D3 D5-D4 D5-D3 
e= 
L2 or 
9= 
L1 or 
9= 
L1 + L2 
(4-2) 
Where D3, D4 and D5 are the values of the displacements obtained from LVDT 3, 
LVDT 4 and LVDT5, respectively. Figure 4-26 shows the two independent rotation 
measurement systems. 
4-5-4 Evaluation of Bending Moment and Axial Force 
Except for Model 1 which did not have the high tensile bar, all the other models were 
statically indeterminent. Therefore, it was not possible to obtain the value of the 
bending moment from the applied load directly. For the evaluation of the bending 
moment and axial force two different techniques were utilised as follows: 
9 from forces: evaluation of bending moment from geometry, applied load and strain 
gauges on high tensile bar 
9 from strain gauges: evaluation of bending moment from strain gauges which were 
cemented on the tube. 
127 
(a) 
(b) 
Figure 4-26: Two independent rotation measurement systems 
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In order to explain the first technique of evaluation of the bending moment and axial 
force, consider the free body diagram of Model 1, as shown in Figure 4-27. From 
knowledge of F 1, F2,0, a and the position of point A, it is possible to find the bending 
moment M in the joint. During the test, F1 is obtained directly from the load cell. F2 is 
obtained from two strain gauges which were cemented on the high tensile bar. Angles 
0 and a and the position of A can be calculated from the displacements of the three 
transducers (LVDTs) as shown in Figure 4-27. 
N 
LVDT 
Figure 4-27: Free body diagram of Model 1 
In the second method, the bending moment and axial force is calculated from strains 
obtained from six strain gauges which were cemented on the tube, as shown in Figure 
4-28. The six strain gauges were divided into three pairs, that is, 33-34,35-36 and 40- 
41. The pairs of gauges were bonded diametrically opposite each other onto the tube 
so that, in addition to the axial strains, any bending moment might be recorded. The 
technique for undertaking the strain measurement was to use a quarter bridge system, 
in which an active and a dummy gauge were used on two sides of the bridge. During 
the test, the reading of each active gauge was recorded separately and the axial and 
bending strains were computed independently. The following explains how the bending 
129 
moment and axial force were calculated from strains of positions 33,34,35,36,40 
and 41. 
L 
- Strain gauge 
28.5 m 
Section 2 Section 1 
V M1 
35 33 MZ 33 
N 41 140 Strain gauge ---::: 
D 0 
36 34 34 
Figure 4-28: Strain gauge arrangement for stress separation 
From the values of strains obtained during the test, the magnitudes of c33, E34, C35,636, 
£40 and 641 were known, where 633,634,635,636,64o and 641 represent the amounts of 
strain at positions 33,34,35,36,40 and 41. 
Having the measured strain values, the bending moments in sections 33-34 and 35-36 
as well as the axial force in the tube are obtained as follows: 
M., j=ExEmlxw (4-3) 
Mscc2=Exc,,, Zxw (4-4) 
N=ExC, xxA (4-5) 
where E, w and A are the modulus of elasticity, section modulus and cross-sectional 
area of the tube section, respectively. And where 
Cm1-E33-Eavl and Eavl-(E33+E34)/2, (4-6) 
&m2=635-Eav2 and Eav2-(E35+E36)/2, (4-7) 
and 
Esx (E33+E34+E35+E36+E40+E41)/6" (4-8) 
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The bending moment in the connection, Mc, was then calculated by linear 
extrapolation using N1 and N1.2, as follows: 
Mc=M, cc2+ 
a' 
a 
a2 (M.,, 
- Msec2) (4-9) 
where al and a2 are as shown in Figure 4-29. 
N 
Figure 4-29 
4-6 Test Programme 
The complete test series is summarised in Table 4-4. In this table, four different models 
have been listed. For each model three tests were conducted: one pilot test and two 
main tests. The schematic representation of the test models is shown in Figure 4-30. 
According to the test programme objectives, the main difference between the models 
was the level of axial force in the connection. The first test for each model was used as 
a pilot test in order to find out about any possible problem. 
The four basic operations of the experimental procedure in each series of test were: 
" conditioning of the set-up, 
" loading the model, 
" recording and 
" checking the results. 
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Before testing of a model commenced, the set up was conditioned by loading and 
unloading a number of times. During the conditioning all the measuring devices were 
also checked. 
Table 4-4: Test Programme Series 
Test Model Test -1 Test-2 Test-3 Level of axial force 
Model 1 Mil M12 M13 Very low 
Model 2 M21 M22 M23 Low 
Model 3 M31 M32 M33 Moderate 
Model 4 M41 M42 M43 High 
- LVDT -3 LVDT 
F F ý a=11 
HS Rod 
'M` Modell 'M` Model 2 
LVDT -3LVDT 
F F 
a=2 
HS Rod 
a=45 
'M` Model 3 
HS Rod 
Model 4 
Figure 4-30: Four arrangements for different ratios of axial force used in the 
experimental programme 
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4-7 Testing of Model 1 
The objective of the testing of this model was to determine the moment rotation 
characteristics of a connection in the absence of axial force. The dimensions of the 
model are given in Figure 4-31 and Table 4-5. In all the models the MERO jointing 
system was used. The diameter and thickness of the tube were 60.25 mm and 3.6 mm, 
respectively. Figure 4-32 shows the test set-up before the commencement of the test. 
Figure 4-31: Model I 
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Table 4-5: Dimensions of Model I (all dimensions are in millimetre) 
Modell a b c d e f g h i j k 1 m n o 
M11 180 100 92.5 40.5 231.5 885 178 50 28.5 830 710 69.5 78 91.8 50 
M12 180 100 110.3 39.5 220 885 178 50 28.5 830 710 69.5 78 94.7 50 
M13 180 100 109 40.5 217.5 885 178 50 28.5 830 710 69.5 78 92.7 50 
Figure 4-32: Model I before the commencement of the test 
4-7-1 Experimental Procedure 
Tests M11, M12 and M13 were conducted with a monotonically increasing load. This 
was achieved using a hydraulic jack. In some cases unloading of the connection was 
carried out before the failure load was reached. 
The assembled test specimen was slowly lifted by the hydraulic jack until the load cell 
was just in position, as shown in Figure 4-31. Data logging was then commenced with 
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the computer scanning the load cell, transducers and strain gauges at about 3 to 10 
second intervals. 
After test M12, it was observed that the load cell was not very suitable for the reading 
of small loads applied to the model. Therefore, it was decided to use a more sensitive 
load cell. Figures 4-33a and 4-33b show the position of load cells before and after 
modifying the model. 
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(a) Before modifying 
(b) After modifying 
Figure 4-33: Positions of load cells before and after modifying the model 
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4-7-2 Experimental Results of Model 1 
In order to process the experimental data, a computer program, written by the author, 
was employed. The main characteristics of the test results can be represented by 
" moment-rotation response, 
" axial force-bending moment interaction and 
" failure modes. 
4-7-3 Moment-rotation Response 
As shown in Figures 4-34(a) and 4-34(b), the moment-rotation responses have been 
plotted using two different measurement techniques as described in section 4-5-4. This 
figures indicate that the results are close together. In Figure 4-34(a), the curve 
obtained from the forces is not smooth. The reason is the use of the large capacity load 
cell. After changing the load cell this problem was solved, as shown in Figure 4-34(b) 
for M13. 
Moment-rotation responses for Model 1 are shown in Figure 4-35. The figure shows 
the consistency of the results. In all of the tests, the connection exhibited an M-9 
response that becomes non-linear early in the loading sequence. This is attributed 
primarily to local yielding. 
4-7-4 Axial Force-Bending Moment Interaction 
Although the level of axial force with respect to the compressive axial yield capacity of 
the connection was insignificant axial force-bending moment variations are scaled and 
plotted in Figure 4-36. In this figure Ny is the compressive axial yield capacity of the 
connection (sleeve) and Mu is the ultimate moment capacity of the connection (sleeve 
and bolt). 
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Figures 4-34: (a) Moment-rotation responses for M12 obtained from two different 
measurements (b) Moment-rotation responses for M13 obtained from two different 
measurements 
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Figure4-36: Axial force-Bending moment variations in the connection for Model 1 
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4-7-5 Failure Modes 
Failure is here defined as the situation at which the connection was unable to carry an 
increase in the load or had undergone such a large rotation that some measurement 
devices were rendered inoperable. In fact, this level of rotation normally would not be 
obtained in practice. In almost all the tests, sleeve yielding was observed. There was 
also some yielding of the contact surfaces between the sleeve on one side and the cone 
and the ball on the other side (Figure 4-37). A crack was also observed in one of the 
sleeve windows in the compression region. 
Ball 
Crack 
Figure 4-37 
aieeve 
From the experimental investigation, it was found that the part of the connection that 
has the most significant effect on the moment-rotation performance is the sleeve. 
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4-8 Testing of Models 2,3 and 4 
In contrast to Model 1, Models 2,3 and 4 were designed with an additional high tensile 
bar element in order to induce significant axial force in the connection during loading. 
The specific objective of these models was to determine the moment-rotation 
characteristics of a connection in the presence of different ratios of axial force. The 
dimensions of the models are shown in Figure 4-38 and Table 4-6. In all the models the 
MERO jointing system was used. The diameter and thickness of the tube were 60.25 mm 
and 3.6 mm, respectively. Figures 4-39,4-40 and 4-41 show the test set-ups. 
Figure 4-38: Models 2-4 
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Table 4-6: Dimensions of models 2-4 (all dimensions are in millimetre) 
Model 2 Model 3 Model 4 
M21 M22 M23 M31 M32 M33 M41 M42 M43 
a 180 180 180 180 180 180 180 180 180 
b 100 100 100 100 100 100 100 100 100 
c 50 62 96 80 84.5 99.5 92 93.5 90 
d 52 50 57.5 42.5 42.5 42.5 40 40 40 
e 160 157 173 210 215 222.5 210 202 213 
f 885 885 885 885 885 885 885 885 885 
g 178 178 178 178 178 178 178 178 178 
h 50 50 50 50 50 50 50 50 50 
i 28.5 28.5 28.5 28.5 28.5 28.5 28.5 28.5 28.5 
j 830 830 830 830 830 830 830 830 830 
k 710 710 710 710 710 710 710 710 710 
1 69.5 69.5 69.5 69.5 69.5 69.5 69.5 69.5 69.5 
m 78 78 78 78 78 78 78 78 78 
n 92.45 92.65 91.50 92.45 91.40 93.85 91.35 91.2 91.63 
0 50 50 50 50 50 50 50 50 50 
a 110 110 110 20 20` 20` 45* 450 450 
4-8-1 Experimental Procedure for Models 2 to 4 
Models 2,3 and 4 were tested with monotonically increasing load using a hydraulic jack. 
The first test for each model was used as a pilot test in order to find out about any 
possible problem. In the case of each of the models, the assembled test specimen was 
slowly lifted by the hydraulic jack until the load cell was just in position to take load. 
Data logging was then commenced with the computer scanning the load cell, transducers 
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and strain gauges at about 3 to 10 second intervals. The model was unloaded when it 
was unable to carry an increase in the load or when yielding occurred in the connection. 
Figure 4-39: Model 2 
Figure 4-40: Model 3 
143 
Figure 4-41: Model 4 
4-8-2 Experimental Results of Models 2,3 and 4 
In order to process the experimental data, a computer program, written by the author, 
was employed. The main characteristics of the test results can be represented by 
" moment-rotation response, 
9 axial force-bending moment interaction, 
" axial force-rotation interaction, 
" load-rotation and 
" failure mode. 
4-8-3 Moment-rotation Response 
Figure 4-42 shows the moment-rotation responses for Model 2. The figure shows the 
consistency of the results of two tests. In test M22 unloading and reloading of the 
connection were carried out during the test. In both tests (M22 and M23), the 
connection exhibited an M-A response that is linear early in the loading sequence and 
non-linear thereafter. 
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Figure 4-43 shows the moment-rotation responses for Model 3. The figure shows a 
certain inconsistency in the results. The reasons for the differences between the two tests 
could be the looseness in the connection or local yielding in the early stages of the 
loading process. Ignoring the initial part of the test M32, the connection exhibited an M- 
9 response that was linear early in the loading sequence and non-linear thereafter. 
Figure 4-44 shows the moment-rotation responses for Model 4. The figure shows the 
consistency of the results of two tests. In both tests (M42 and M43), the connection 
exhibited an M-A response that is linear early in the loading sequence and non-linear 
thereafter. For test M42, during the test the tube buckled and the effect of this can be 
seen at point A of Figure 4-45. Point B in the moment-rotation curve of test M42 shows 
the point where the sleeve cracked around the window. 
4-8-4 Axial Force-Bending Moment Interaction 
The axial force-bending moment variations are scaled and plotted in Figures 4-45,4-46 
and 4-47 for Models 2,3 and 4. In these figures Ny is the compressive axial yield 
capacity of the connection (sleeve) and Mu is the ultimate moment capacity of the 
connection (sleeve and bolt). Point A of Figure 4-47 corresponds to tube buckling and 
point B to the point where the sleeve cracked. The axial force-bending moment 
variations on these figures indicate that of axial force-bending moment relationship is 
linear early in the loading sequence and non-linear thereafter. 
4-8-5 Axial Force-Rotation Interaction 
The axial force-rotation variations are scaled and plotted in Figures 4-48,4-49 and 4-50 
for Model 2,3 and 4. For test M42, point A and B are as above. 
4-8-6 Load-Rotation 
The load-rotation variations are scaled and plotted in Figures 4-51,4-52 and 4-53 for 
Models 2,3 and 4. For test M42, point A and B are as above. 
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4-8-7 Failure Mode 
The characteristics of the failure modes in Models 2,3 and 4 can be summarised as 
follows: 
" Modelt 
1. Test M22: Crushing was observed in the sleeve. Yielding occurred at the 
contact surfaces between the sleeve on one side and cone and ball on the other 
side. 
2. Test M23: A crack was observed around the window, besides crushing in the 
sleeve. There was a noticeable yielding between the contact surfaces. 
" Model 3 
3. Test M32: Crushing in the sleeve and yielding of the contact surfaces were 
observed. 
4. Test M33: Crushing in the sleeve, yielding of the contact surfaces and cracks 
around the window were observed. 
" Model4 
5. Test M42: Noticeable crushing in the sleeve, yielding of the contact surfaces 
and cracks around the window were observed. During the loading process the 
tube buckled. 
6. Test M43: Noticeable crushing in the sleeve, yielding of the contact surfaces 
and cracks around the window were observed. Cracks and severe crushing 
occurred in the sleeve. 
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4-9 Comparison of Moment-rotation Responses for Different Ratios of Axial Forces 
Figure 4-54 shows the moment-rotation curves for Models 1,2,3 and 4. The 
compressive axial force has three important effects on the moment-rotation 
characteristics. 
" It increases the initial slope of the moment-rotation curve and the reduction in the 
stiffness is slower to begin with and faster later on (Figure 4-54). 
" It decreases the ultimate moment capacity of the connection. 
" It gives rise to softening of the connection behaviour. 
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Figure 4-54: Moment-Rotation curves for Models 1 to 4 
The increase in the initial stiffness (indicated by the increase in the initial slope of the 
moment-rotation curve) can be explained as follows. Because of the presence of the 
contact surfaces in the connection, the compressive force prevents the separation of the 
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contact surfaces which would have been caused by the bending moment. Consequently, it 
results in an increase in the connection resistance in the elastic range. 
The combined effects of the axial force and bending moment give rise to faster yielding 
in the components of the connection in comparison with the case involving only pure 
bending. This results in a decrease in the ultimate moment capacity of the connection. 
The softening in the connection behaviour is due to the redistribution of the forces in the 
connection because of the changing position of the force around the limit surface. This 
will be explained in more detail in Chapter 5 where an analytical method is proposed to 
model this phenomenon. 
4-10 Axial Force-Bending Moment interaction 
Figure 4-55 shows the variations of the axial force and bending moment in the 
connection for Models 1,2,3 and 4. In this figure 
"N is the applied axial force, 
" Ny is the axial force yield capacity of the connection, 
"M is the applied bending moment and 
" Mu is the ultimate moment capacity of the connection. 
In Figure 4-55, the variation of axial force with respect to bending moment is linear until 
yielding occurs in the connection. After initial yielding in the connection, subsequent 
yielding occurs until the force distribution curve reaches the limit surface. The force 
distribution curve cannot move beyond the limit surface. As additional load is applied to 
the connection, the incremental force on the limit surface moves tangentially to the limit 
surface. This causes the axial force to increase and the bending moment to decrease. As 
the bending moment decreases in the yielded connection, the rotation in the connection 
increases. The redistribution of forces and the tendency to move towards the limit 
surface can be seen for Models 3 and 4 in Figure 4-56. In this figure the limit surface has 
been obtained approximately from the curves based on the spline method. 
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4-11 Proposed Mathematical Model for Moment-rotation Behaviour including 
Axial Force Effects 
If the effects of the axial force on the moment-rotation behaviour are ignored, then the 
moment-rotation behaviour of a connection under a monotonically increasing load is 
expressed by 
M= m(B) (4-10) 
where m represents a function. The tangent stiffness of the connection KB for an arbitrary 
rotation 0 can be evaluated by differentiating M with respect to 8, that is, 
Ke =am (4-11) 
Using the proposed mathematical model described in section 3-2-2, Equations 4-10 and 
4-11 will assume the following forms 
M=M, x (1 +e-2) x (e-U0o0xlm-1o-s) -e-2) (a-12) 
and 
-2 
el2xb0C xjel+iJ 
KB = 4.54 x MU x 10c x (2 x 10C xIOl+1)2 
(4-13) 
where 
" Mu is the ultimate moment capacity of the connection, 
9c is the connection parameter and 
9 eis the base of the natural logarithm. 
Equation 4-13 is obtained by differentiating Equation 4-12 with respect to 9 using the 
mathematical program MAPLE [93]. 
In order to consider axial force effects, the mathematical model (Equation 4-12) should 
be a function of the axial force as well as rotation. Based on the experimental results 
discussed in section 4-9 and analytical results using the finite element method by the 
author, the following mathematical model is proposed for ball joints in space structure 
jointing systems: 
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M=sx(i- f)xM, x(i+e-2)x(e-"('o"x101+03) -e-2) (4-14) 
where 
d= sl (1- f)°'S xc (4-15) 
and where s is a factor and f is found from the following formula 
N/Nl 
(N/Ny +M/Mu) 
(4-16) 
where 
"N is the axial force in the connection, 
"M is the bending moment in the connection, 
" NY is the axial force yield capacity in the connection and 
" Mu is the ultimate moment capacity of the connection. 
Figures 4-57 to 4-60 show results based on the mathematical model compared with the 
test results. In these figures s and c have been taken equal to 1.1 and 1.6, respectively. 
The figures indicate that the proposed mathematical model can predict the connection 
behaviour including the axial force effect with good accuracy. The proposed 
mathematical model does not predict the softening behaviour. In other words, the 
proposed mathematical model is valid until the axial force-bending moment curves reach 
the limit surface. For the prediction of the softening behaviour, a technique will be 
described in Chapter 5. 
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4-12 Concluding Remarks and Discussion 
In this Chapter, a test procedure is presented that enables realistic testing of a space 
structure jointing system by applying different combinations of axial forces and bending 
moments to the connection. The main objective of the test programme was the 
experimental study of the effects of compressive axial force on the moment-rotation 
characteristic of a joint. The results were required for modifying the mathematical model 
of the connection described in Section 3-2-2 to include the effects of axial force. With 
the modified mathematical model, it will be possible to determine the effects of axial 
force on the behaviour of space structures using finite element analysis. 
In this Chapter, a suitable test set-up was designed and constructed to achieve a 
reasonable simulation of real connection behaviour. In order to provide different ratios 
for the variations of axial force with respect to bending moment, four model 
arrangements were designed and constructed. For each model, three tests were 
conducted: one pilot test and two main tests. 
From the experimental results it has been found that the compressive axial force has 
three important effects on the moment-rotation characteristics. 
" It increases the initial slope of the moment-rotation curve with the reduction in the 
stiffness occurring more slowly to begin with but increasing more rapidly afterwards. 
" It decreases the ultimate moment capacity of the connection. 
" It gives rise to softening of the connection behaviour. 
Finally, a mathematical model is proposed for the moment-rotation behaviour which 
allows for axial force effects. The mathematical model is valid until the force distribution 
curve. reaches the limit surface. The force distribution curve cannot move beyond the 
limit surface. As additional load is applied to the connection, the incremental forces move 
tangentially to the limit surface and softening in the connection behaviour occurs. An 
analytical approach is proposed for modelling the softening in the connection behaviour 
in Chapter 5. 
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CHAPTER 5 
NON-LINEAR ANALYSIS OF SEMI-RIGIDLY JOINTED SPACE 
STRUCTURES 
5-1 Introduction 
Since the 1980's extensive research has been conducted in relation to the analysis of 
steel frames with semi-rigid connections. In general, there are two basic approaches for 
incorporating the connection flexibility into the stiffness method of structural analysis: 
" The first approach involves modification of the element stiffness matrices to take 
account of the semi-rigidity of the connections. 
" The second approach assumes that a semi-rigid joint can be represented by a 
number of `springs' and treats these springs as separate elements. 
In this chapter, in order to perform non-linear analysis of semi-rigidly jointed space 
structures, a three dimensional connection element based on the second approach has 
been defined and incorporated and implemented into a general purpose finite element 
program. This three dimensional element allows 
" modelling of offset, eccentricity, slip and looseness in the connection, 
" modelling of interaction between axial force and bending moment and 
" modelling of cyclic behaviour of a connection based on a proposed mathematical 
model for steady and non-steady state hysteresis responses. 
Finally, in order to compare the efficiency and accuracy of the connection element with 
other numerical and experimental results, a number of examples are presented. 
5-2 Connection Element 
A connection element, as defined in this work, is a three dimensional element that 
simulates a semi-rigid joint between two nodes, as shown in Figure 5-1. In this figure 
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the connection is shown symbolically by a body of arbitrary shape. This element is 
defined between nodes i and j. 
Each node of this element has six degrees of freedom or, that is, six independent 
components of displacement. Here, the term `displacement' is used to imply translation 
as well as rotation. The displacement vectors of the nodes are as follows 
di = 
[xi, xf2 xt3 9 92 931T for node i (5-1) 
di = 
[x11 
x12 xj3 Oil 9j2 9j3 
]T for node j (5-2) 
where 
0 x;, , xi2 and xi3 are components of 
translation of node i in X1, X2 and X3 directions, 
respectively, and 
" 9, , 
9,. 2 and 6.3 are components of rotation of node 
i about X1, X2 and X3 directions, 
respectively. 
Connection 
element 
---7 
Beam element 
X3 
X2 
Connection element 
/. 
x1 
X3 
X2 
Xi 
Figure 5-1: A connection element with local and global coordinate systems 
The proposed connection element is a mathematical representation of a physical 
connection and it can simulate different kinds of jointing systems. There are a large 
number of jointing systems in use in space structures. In order to model these jointing 
systems in the analysis of a structure, suitable connection elements need to be defined. 
These connection elements should be able to cover different kinds of jointing systems 
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in space structures. In this regard, the following categories of connection elements can 
be considered that allow simulation of a large number of space structure jointing 
systems 
" connection consisting of a flexible part, 
" connection consisting of a flexible part and a rigid part and 
" connection consisting of a flexible part with eccentricity. 
Figure 5-2 shows typical examples of the above three types of connection elements. 
These elements can cover the majority of jointing systems in space structures. 
5-3 Stiffness Matrix of a Connection 
The elements of the stiffness matrix of a beam element can be regarded as the 
components of end forces corresponding to unit end displacements. These forces can 
be evaluated by solving the differential equations of equilibrium of the beam element 
when it is subjected to appropriate boundary conditions. Since by virtue of the solution 
of the differential equations of equilibrium all three requirements of an exact solution, 
namely, equilibrium, compatibility and constitutive requirements throughout each 
element are fulfilled, the exact stiffness matrices are obtained. In general, the 
formulation of the displacement-based finite element method is based on the use of the 
principle of virtual displacements which is equivalent to the use of the Galerkin method 
and also equivalent to the use of the Ritz method to minimise the total potential of the 
system [14]. In all classical finite element methods the relationship between the stress 
and strain is known for an element which allows the stiffness matrix of the element to 
be found analytically. 
In contrast to the case of a straightforward beam element, the accurate derivation of 
stiffness matrices for complicated parts of structures, such as semi-rigid joints, may not 
be possible by using a purely analytical approach. This is due to the fact that the state 
of stress and strain in a semi-rigid connection is very complex. The complexity is due 
to the presence of irregularity, stress and strain raisers, discontinuities, localised 
constraints, widespread inelasticity and material hardening and softening. 
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As described in section 3-6-2, different possible stiffness matrices can be defined for a 
connection element, namely, 
Connection element Example 
Flexible part Flexible part 
U/ 
i. 1 
Ar/ 
=1 = 
(a) 
Flexible part Flexible part 
.1 
Rigid part 
Rigid part 
(b) 
.l e2y 
e2= 
eis 
e, y 
i 
Flexible part with eccentricity in two sides 
Connection with 
eccentricity 
(c) 
Figure 5-2: Examples of space structure connections and their corresponding 
connection elements 
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" stiffness matrix based on a spring model, 
" stiffness matrix based on a beam model, 
" stiffness matrix based on a mechanical model and 
" stiffness matrix based on a general model. 
Based on the studies discussed in section 3-6, the mechanical model can provide a 
suitable representation of a semi-rigid connection. However, determination of the off- 
diagonal elements of the stiffness matrix (representing the coupling between different 
degrees of freedom) of a connection up to the ultimate load is extremely difficult. 
In this section a spring model has been used to define the stiffness matrix of a 
connection element. The approach relies on the fact that all the diagonal elements of 
the stiffness matrix are the tangent stiffnesses of the constitutive relationship curves for 
different degrees of freedom. Here, a constitutive relationship represents a 
mathematical model that describes the behaviour of a connection, where the term 
constitutive relationship refers to moment-rotation (M-8) or force-deformation (F-8) 
curves. 
The constitutive relationship curves can be obtained either 
" by using the finite element method or 
" by using experimental data. 
At present, the most commonly used approach to describe the connection behaviour is 
to curve fit the experimental data using simple mathematical expressions. Also 
Eurocode 3 states that any prediction of connection behaviour should be confirmed by 
experiment [40]. 
In this work, it is assumed that constitutive relationships are known for different 
degrees of freedom and have been obtained analytically or experimentally. 
5-3-1 Tangent Stiffness Matrix for Flexible Part 
In general, a connection is conceived as an assembly of rigid and flexible components, 
representing the behaviour of the connection. If the length of the rigid parts are small 
enough in comparison with the attached beam element, then the connection can be 
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simulated by a flexible part. In this case, the semi-rigid connection can be modelled 
with discrete translational and rotational springs. Such a connection element is 
equivalent to six independent springs defining the connection behaviour. The tangent 
stiffness matrix for a connection element in three dimensional space can be expressed 
as follows: 
K -K Ký 
-KK 
(5-3) 
with K being is a 6x6 diagonal sub-matrix given by 
`' 0 0 0 0 0 dgl 
o 
sZ 0 0 0 0 
2 
o 0 3 dC/3 0 0 0 
Ä = ' 0 0 0 A 0 
0 
0 0 0 0 
dUq2 
`62 
0 
3 
0 0 0 0 0 de3 
(5-4) 
Where 
dF, 
"dS, t=1,2,3 are the derivatives of Fi with respect to 9, 
f 
d 
" de' , r=1,2,3 are the 
derivatives of M, with respect to 9, 
i 
d8' is the 
instantaneous axial stiffness of the connection where F, is the axial 
force and d, is the axial displacement, 
" ! 
E2- 
and 
d; 
are the instantaneous shear stiffnesses of the connection in the 
3 
directions of x2 and x3, respectively, 
"' is the instantaneous torsional stiffness of the connection and A 
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"2 and are the rotational stiffnesses of the connection about the directions d62 d93 
of x2 and x3, respectively. 
Having the constitutive relationship curves corresponding to the different degrees of 
freedom, it is possible to represent the complete behaviour of the connection including 
slip, looseness and cyclic behaviour. 
5-3-2 Tangent Stiffness Matrix for a Connection with a Flexible Part and a 
Rigid Part 
In general, in two cases it is necessary to model a connection element with a flexible 
part and a rigid part. These two cases include 
" modelling of space structure jointing systems such as ball and socket joints and 
" modelling of beam-to-column connections. 
Consider Figure 5-3a where three beam elements are connected to a ball jointing 
system. The ball jointing system consists of two main parts 
" the ball and 
" the connector (sleeve and bolt). 
Since the ball is much more rigid than the connector and has a finite length, it can be 
modelled as a rigid element. On the other hand, the connector can be modelled as a 
flexible part. So, such a connection can be modelled as a connection with a flexible 
part and a rigid part, as shown in Figure 5-3b. 
Also, in the modelling of beam-to-column connections the `fictitious' rigid element 
appears. Consider Figure 5-3c, where a beam is connected to a column by a semi-rigid 
connection. In an analysis, the members of the frame are normally represented by their 
centre-lines. It is assumed that the structural properties of the members are valid over 
the entire length of these lines. Consequently, a beam whose ends are connected to 
column flanges is considered to have uniform properties over the length from the 
column centre to column centre. However, it is obvious that the ends, which are equal 
to half the depth of the respective columns, are much more rigid. To prevent this 
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anomaly which could affect the behaviour of the structure when columns are deep and 
heavy, Nethercot [105] suggested introducing a rigid portion, whose length equals half 
the column depth, as shown in Figure 5-3c. The justification is that the actual flexural 
rigidity of these portions of a connection element is much greater than that of the beam 
element. 
Numerical analyses by the author and [85] show that if the rigid part is less than 1% of 
the beam length 1 the rigid part can be considered as being insignificant. If, on the other 
hand, the rigid part is greater than 10% of I then it should be considered in some 
detail. For intermediate cases, the rigid parts should be modelled in some way. One 
possible solution is shown in Figure 5-4, where the connection is modelled as a 
combination of a flexible part and a rigid part. 
There are two main ways in which the rigid part can be modelled, namely: 
" given large values of section properties and 
" considering the behaviour of this part as a rigid-body motion. 
The first approach is achieved by giving large values of cross-sectional area and second 
moment of area to the rigid part so that it models the rigidity of the joint. Although 
such a solution is always possible it is not very satisfactory since an arbitrary choice of 
section properties for the rigid part has to be made and more importantly, the high 
stiffnesses that this induces can give rise to ill-conditioning problems in the solution. 
The analytical results by the author show that ill-conditioning arises when the ratio of 
the stiffnesses of the rigid parts and those of the flexural part is greater than 1000 for 
static analysis or even less than 1000 for dynamic analysis. 
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Figure 5-3: Two examples of connections with flexible and rigid parts 
The alternative that does not lead to such difficulties involves using rigid-body motion. 
Consider Figure 5-4, illustrating a connection element that consists of rigid and flexible 
parts. In this figure node i and j are the end nodes of the connection element and node 
k is an internal node connecting the rigid and flexible parts. In the formulation of a 
connection element, the node k is condensed out. Consequently, the analysis will not 
yield the displacements at node k which are important in calculating the internal forces 
in the flexible part kj. Since the portion ik is of large stiffness, it will mainly undergo 
rigid-body motion and hence the deformations at node k can be obtained by a 
geometric transformation, as explained below. 
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The connection element can be modelled as shown in Figure 5-4, where the rigid part 
is of length ex. The length ex for a ball jointing system is taken to be half the diameter 
of the ball and for a beam-to-column connection is taken to be half of the depth the 
respective column. 
Rigid part Flexible part 
ikj 
HI 
Figure 5-4 
Using the stiffness matrix in Equation 5-4, the contribution of the rigid part on the sub- 
matrix K of the connection element can be obtained by geometric transformations. 
Consider the flexible part kj which has a rigid part attached to its end, as shown in 
Figure 5-4. Here, point i represents the mathematical node and the problem is to find 
the sub-matrices of the connection element stiffness matrix Kc of Equation 5-4 of the 
complete element ikj in terms of the sub-matrices of kj, that is, K which are assumed 
known. 
If 8Fk and &F are the increments in the nodal point forces and &4 and 8dß are the 
corresponding increments in the nodal displacements acting on the flexible part of the 
connection element at k and j then 
]=[ K-K &Jk 
&F'j -KK &1 j 
(5-5) 
If the right side of above equation is produced by forces 8F, and 8F, acting at the 
points i and j then by statics, 
&F', =H&xöFk (5-6) 
where Hg is the equilibrium matrix and is given by 
H, t = 
X19 
(5-7) 
Ii 1 
and where 
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000 
X=0 0 ex 
0- ex 0 
(5-8) 
where ex is the length of the rigid part of the connection element and I is a 30 
identity matrix. 
The incremental displacements are related by the corresponding equation 
8dk = Hj'k x 8d, 
where HH is the transpose of H H. 
(5-9) 
By combining Equations 5-9,5-6 and 5-5, the tangent stiffness matrix for the 
connection element ij is obtained as. 
HkKH`i - HikK Ký _ 
-mt K 
(s-io) 
Here, the sub-matrix K is obtained from the relative displacements of node k and j 
where the displacement vector of node k can be obtained from 
dk =Hitk xd, (5-11) 
and where di is the displacement vector of node i. 
5-3-3 Tangent Stiffness Matrix for a Connection Element Having Flexible Part 
with Eccentricity 
It is often impractical or uneconomic to connect some types of section concentrically. 
Angles are usually connected by one leg, small channels are often connected only by 
the web and T sections are frequently connected only by the flange. In the case of a 
single section this constitutes an eccentric connection. In the following, the aim is to 
take into account the possible eccentricities in the connection formulation. The 
example considered is for two angle section, as shown in Figure 5-5a. In this case the 
connection element is defined to be between nodes i and j, as shown in Figure 5-5b. 
The tangent stiffness matrix for the flexible part can be taken to be the same as 
Equation 5-3. The tangent stiffness matrix for a connection element with eccentricities 
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on two sides, as shown in Figure 5-5, can be derived in the same way as explained 
previously. That is, 
H, * KH; tk - H; k KH;, Ký 
- H,, KH H,, -Hi, 
(5-12) 
where H and Hi', are transposes of H; k and Hi,, respectively. Here, H,, and HH, 
are equilibrium matrices and are given by 
H, k =rX 
101 
(5-13) 
and 
H1! 
10 [X2 
1' 
(5-14) 
where 
00 e12 
X, =00 e (5-15) 
- e12 -e 0 
and 
00 e22 
X2 =00 e21 (5-16) 
- e22 e21 0 
and where 
" ell and e12 are the relative positions of node i with respect to node k in the local 
system of coordinate axes x, xxx3 and 
" e21 and e22 are the relative positions of node j with respect to node 1 in the local 
system of coordinate axes xjxo-; as shown in Figure 5-5. 
Here, the sub-matrix K can be obtained based on the relative displacements of nodes k 
and 1, where the displacement vectors of nodes k and 1 are obtained from the following 
operations. 
172 
dk=HHxd, 
d, = H,, x dj 
where d; and dj are the displacement vectors of nodes i and j, respectively. 
(s-17) 
(5-18) 
Element with angle 
section x2 
e2: 
e e22 x1 
eil 
Pe, 
21 
--k eiz 
i 
Qj x3 
e, 2 
(a) (b) 
Figure 5-5: (a) Two connected beam elements with right angle cross sections and (b) 
corresponding connection element, respectively 
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5-4 Modelling of Interaction Between Axial Force and Bending Moment 
in a Semi-rigid Connection 
5-4-1 Introduction 
A connection is a medium through which forces are transmitted from one member to 
another. In a structure a connection can be subjected to various force combinations 
such as moments, shears, axial forces, torques and their corresponding deformations. A 
large amount of research has been reported on methods of accounting for connection 
semi-rigidity in the analysis and design of planar frame structures. However, there is 
very little research on three-dimensional joint behaviour. Most of the analytical and 
experimental work performed so far investigate only the in-plane flexural deformation 
behaviour of connections. Very few studies have been carried out on the interaction 
between different degrees of freedom in semi-rigidly jointed structures. The 
investigations so far have focused on beam-to-column connections in steel frames. In 
these connections the shear force and bending moment are dominant and their 
interaction has been studied [ 12]. 
In contrast to beam-to-column connections in steel frames, connections in space 
structures are subjected to various force combinations, with the axial force and bending 
moment being the most important actions. In this section, the main intention is to 
model the interaction between the axial force and bending moment and consequential 
effects on the moment-rotation behaviour of a semi-rigid connection. This study is 
based on the results of a number of experiments which have been carried out by the 
author. The interaction of the axial force and bending moment applied to a semi-rigid 
connection in a space structure is a complex phenomenon. Experimental results by the 
author and others [48,140] show that the axial force has significant effects on the 
moment-rotation behaviour of the space structure jointing system such as ball joints 
and socket joints. Presently, there is no known mathematical model for description of 
the axial force-bending moment interaction of the space structure connections. 
In this section a methodology for modelling the interaction between the axial force and 
bending moment in space structure connections is proposed. In order to develop a 
mathematical model for description of connection behaviour under the axial force and 
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bending moment interaction, instead of using a moment rotation curve a `moment 
rotation surface' is defined. The mathematical description of the surface indicates that 
the bending moment in a connection is a function of the axial force and rotation and 
consequently the instantaneous stitThess of the connection is a function of the axial 
force as well as rotation. 
5-4-2 Moment-Rotation Surface 
The term `moment-rotation surface' is used to refer to the mathematical representation 
of the relationship between the bending moment, rotation and axial force in a semi- 
rigid connection. With a known moment-rotation surface, it is possible to find the 
instantaneous rotational stiffness of a connection for inclusion in an analysis. 
If the effects of axial force on the moment-rotation behaviour are ignored, then the 
moment-rotation behaviour of a connection under a monotonically increasing load is 
symbolically expressed by 
M= m(O) (s-19) 
where m represents a function. The tangent stiffness of the connection Ke for arbitrary 
rotation 0 can be evaluated by differentiating M with respect to 9, that is, 
KB -7 (5-20) 
Based on the proposed mathematical model discribed in section 3-2-2, Equations 5-19 
and 5-20 assume the following forms 
M= MM, x(i+e-2)x(e-"('o°Xlm+0.1)-e-2) (5-21) 
and 
-2 
KB = 4.54 x Mu x 10' x 
el2xb0CxjM+1) 
(2 x 10C xl8l+1)2 
(5-22) 
where 
" MM is the ultimate moment capacity of the connection, 
175 
"c is the connection parameter and 
9e is the base of the of natural logarithm. 
Equation 5-22 was obtained by differentiating Equation 5-21 with respect to 0 using a 
suitable mathematical programme MAPLE [93]. 
Equation 5-22 is plotted for different values of axial force in Figure 5-6. The resulting 
surface is referred to as `moment-rotation surface'. In fact the moment rotation surface 
in Figure 5-6 is a cylindrical surface and the level of axial force has no effect on the 
connection behaviour. 
1. e 
Surface 
Jill) 
Figure 5-6: Moment-rotation surface without considering axial force effects 
A suitable mathematical model should consider the effects of axial force on the 
moment-rotation behaviour in space structure jointing systems. In general, the 
mathematical model can be represented by 
M=h(O, N) (5-23) 
where h is a function of the rotation and the axial force, 0 and N, in the connection. 
Here, the function h represents a surface and the tangent stiffness of this surface will be 
a function of 0 and N. 
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Using the mathematical model presented in Chapter 4 (Equation 4-14), Equation 5-23 
will assume the following form for ball joints in space structure jointing systems 
M=sx (1- f) x MM, x (i + e-2) x (e-I1(10" xß°3) - e-2) (5-24) 
where dis 
d =sl(1- f)o. s xc 
and where s is a factor and f can be found from the following formula 
N/N, 
f 
(N/N7 +M/Mu) 
where 
" Nis the axial force in the connection, 
"M is the bending moment in the connection, 
" Nr is the axial force yield capacity of the connection and 
" Mu is the ultimate moment capacity of the connection. 
(5-25) 
(5-26) 
As described in Chapter 4, the compressive axial force has two important effects on the 
moment-rotation behaviour of the connection: 
(1) It increases the initial stiffness of the connection. 
(2) It decreases the ultimate moment capacity of the connection. 
Variations of these two parameters, that is, the initial stiffness and ultimate moment 
capacity depend on the connection specification and the level of axial force. A possible 
moment rotation surface that includes the effects mentioned in (1) and (2) above can 
be schematically shown as Figure 5-7. This figure is based on Equation 5-24. 
Although this surface allows for the two important effects of axial force on moment- 
rotation behaviour, it does not include the softening behaviour formed in space 
structure connections. To elaborate, experimental results on ball and socket joints 
show that the presence of axial force gives rise to softening behaviour in the moment- 
rotation response of a connection. Figure 5-8 illustrates this effect on the moment 
rotation behaviour. The figure shows that when a compressive axial force is applied to 
a connection, the moment-rotation curve will have a limit point and after that softening 
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behaviour will commence. Here, the rotation corresponding to the limit point is 
referred to as the limit point rotation' and is represented by 9d. 
Determining the positions of the limit points on the moment-rotation surface for 
different ranges of axial force is important. If the positions of the limit point of the 
moment rotation behaviour of a connection dominated by bending moment and axial 
force are denoted by A and B, respectively, then for other values of the axial force N, 
the limit points will be between zero and 9.4, as shown in Figure 5-9. 
M 
e 
Jll'l/ 
Figure 5-7: Moment-rotation surface considering axial force effect 
It is important to establish the locus of the limit points on the moment-rotation surface. 
In general, the equation of this locus for a semi-rigid connection has the form 
9d =S? (M/MM, N/N7) (5-27) 
where 11 is a function of M/ Mu and N/N,. The function S2 fora typical ball joint 
has been obtained from experimental results. Figure 5-10 shows the locus of the limit 
points on the moment-rotation surface for a MERO joint. 
This figure is based on the experimental results discussed in Chapter 4. 
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Figure 5-8: Moment-rotation behaviour of a connection with and without compressive 
axial force effects 
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Figure 5-9 Moment rotation surface up to limit points 
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After the limit points, softening behaviour commences. The softening behaviour of the 
connections can be explained by force-point traces on the axial force-bending moment 
diagram, as explained below. 
0.15 
d =0'15x10-1.94x(N/NY/(N/NY+M/MU)) 
ýý\--" Test Data 
0.10 
ed 
0.05 
01- 
0 0.2 0.4 0.6 0.8 
N/NY 
N/Ny +M/MU 
1.0 
Figure 5-10: Locus of limit points on moment rotation surface for 
the experimented joint 
5-4-3 Force-point Traces 
Figures 5-11a and 5-11b show the axial force-axial displacement and bending moment- 
rotation responses for a connection under axial force and bending moment actions, 
respectively . In these 
figures 
9N is the axial force in the connection, 
"8 is the axial displacement in the connection, 
"M is the bending moment in the connection and 
A is the rotation in the connection. 
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It is assumed that during the loading process, the connection behaves in accordance 
with the responses that are depicted in Figures 5-11 a and 5-11 b. In Figure 5-11 a the 
connection shows elastic-perfect plastic behaviour for the corresponding force- 
displacement response. On the other hand, the moment-rotation behaviour is 
associated with elastic-hardening-softening behaviour, where 
" OA shows elastic behaviour, 
" AD shows hardening behaviour and 
" from D softening behaviour commences. 
It is also possible to show the variations of axial force with respect to bending moment 
in a connection during the loading process. Figure 5-11c shows an example of the 
variations of the axial force and bending moment in a connection. In this figure 
"N is the applied axial force, 
" Ny is the axial force yield capacity of the connection, 
"M is the applied bending moment and 
" Mu is the ultimate moment capacity of the connection. 
In Figure 5-11c the variation of axial force with respect to bending moment is referred 
to as a force-point trace. The force-point trace represents the changes in the 
magnitudes and directions of the forces in a connection during the loading history. 
Here the term `force' means axial force when the associated degree of freedom is a 
translation, and moment when the associated degree of freedom is a rotation. The 
curve OABCDE shown in Figure 5-11c shows the force-distribution in the connection 
during the loading process. The curve is linear up to point A when first yielding starts. 
Point A is considered to be on the initial yield surface. When subsequent yielding 
occurs in the connection, the force distribution curve goes from point A to B. Since 
yielding is associated with decreasing rotational stiffness, the gradient of AB increases 
in comparison with OA. When additional yielding occurs, the connection it loses its 
rotational stiffness and a gradual force redistribution commences before the ultimate 
strength is reached (from point C to D). 
As load increases, the connection carries more axial load by redistributing its bending 
moment to the attached beam element. In other words, at this stage of behaviour, if the 
axial force is increased at the connection, the bending moment would need to decrease 
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so that the connection capacity is not violated. The softening behaviour is hence due to 
the force-redistribution process on the limit surface. Consider Figure 5-11 c, where the 
force-point trace intersects the limit surface at point D. As additional load is applied to 
the connection, the connection's incremental forces at point D move tangentially to the 
limit surface. This causes the axial force to be increased and the bending moment to be 
decreased. As the bending moment is decreased in the yielded connection, the rotation 
in the connection is increased and this gives rise to the softening behaviour in the 
connection's response. 
N 
(a) Axial force-axial displacement diagram 
M 
(b) Bending moment-rotation diagram 
N/NY 
Limit surface 
E 
Subsequent D 
yield surfaces 
B 
A 
MMU 
Initial yield surface 
(c) Force-point trace 
Figure 5-11: Details of connection response under axial force-bending moment action 
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An actual force-point trace is shown in Figure 5-12. This has been obtained by the 
author during a test on the MERO jointing system. It should be noted that the limit 
surface equation is not in general a circle or sphere. In Figure 5-12, significant yielding 
occurs from point A onward and from Point Ba smooth variation commences due to 
the redistribution of the forces and a tendency to move toward the limit surface. 
N/NY 
BC: Redistribution of forces and 
tendency to move towards limit surface 
Region B: Smooth abrupt 
change due to yielding of the 
connection 
ý Limit surface 
0 
Figure 5-12: Force-point trace 
M/Mu 
During the loading history, when damage occurs in the connection and the 
redistribution of forces commences, a softening behaviour in the connection is 
observed. This phenomenon can be illustrated by the moment-rotation curves shown in 
Figure 5-13. 
Figure 5-13 shows typical moment-rotation curves for a connection with and without 
the axial force. Curve m(O) shows the case when there is no axial force in the 
connection and curve h(O,, AI) represents the connection behaviour including the axial 
force effect. Curve h(8, A9 is valid for the representation of connection behaviour up to 
limit point W. The post-limit behaviour of the connection beyond point A can be 
obtained for different cases. As can be seen from Figure 5-13, three cases can be 
considered. 
9 lower-bound behaviour, 
" upper-bound behaviour and 
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" softening behaviour. 
The lower-bound follows the brittle behaviour ACD for a connection suffering sudden 
collapse. The upper-bound follows the perfectly plastic curve (ductile behaviour). AE 
represents the post-limit behaviour. These two idealised responses are two extreme 
bounds that may happen in particular cases. 
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Brittle 
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D 
Od 
v 
0 0.02 0.04 0.06 0.08 0.10 
Rotation (Rad) 
Figure 5-13: Moment rotation curves obtained from a moment rotation surface with 
and without axial force effects 
Experimental results obtained by the author and [48] show softening behaviour in the 
post-limit behaviour of ball and socket joints (path AB), as shown in Figures 5-14 and 
5-15. In Figure 5-14, a non-proportional loading is applied to the model. In this case a 
constant axial load is applied, namely, N=100 kN. In Figure 5-15, proportional loading 
is applied on a NERO jointing system. 
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Figure 5-14: Moment-rotation behaviour for a connection with and without axial force 
effects [48] 
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Figure 5-15: Moment-rotation behaviour for a connection with and without axial force 
effects 
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5-4-4 Estimation of Softening Behaviour from Limit Surface 
In general, the complicated behaviour of a connection cannot be represented by a 
mathematical model for the whole loading history. In order to characterise the entire 
connection behaviour, it is necessary to divide the path into a number of regions and 
then each region can be simulated by means of a mathematical model. To estimate the 
instantaneous stiffness of the connection K6, the behaviour of the connection is divided 
into two regions, namely, 
" hardening behaviour and 
" softening behaviour. 
For hardening behaviour, that is, part OA on the axial force-bending moment diagram 
or moment-rotation curve shown in Figures 5-16 (b) and (d), respectively, the tangent 
stiffness KB is found from the following formula 
Kg= e (5-28) 
where dh 
is the derivative of h with respect to 9 and h is the modified mathematical 
model including axial force effects. 
In order to estimate the softening behaviour of the connection during a non-linear 
analysis, two types of approaches can be utilised. 
" Having enough data for the softening behaviour obtained from tests covering 
different ranges of axial force in the connection. 
" Using the limit surface of the axial force-bending moment interaction for estimating 
the softening behaviour. 
The first approach can provide information about the moment-rotation surface after 
limit points, but a large number of experimental results are needed. 
In the second approach, the limit surface can be defined from limited experimental 
results. By using the limit surface equation, it is possible to estimate the softening 
behaviour of the connection as explained below. 
186 
In order to characterise the connection behaviour during softening, a technique is 
utilised based on 
9a limit surface which gives the yield condition that specifies the state of the forces 
corresponding to the start of yielding and 
"a softening rule which relates the instantaneous stiffness of the connection to the 
current axial force, the axial force increments and rotation increments. 
If the equation of the limit surface is expressed as 
N/ Nr = g(M, Mu) (5-29) 
the derivative of g, that is, gI is obtained as 
(N / Np )' =_ 
dg 
M 
(5-30) 
dM u) 
where (N / Na )I is the derivative ofg with respect to m/ Mu . 
For small increments Equation 5-30 can be approximated as 
ANxMU 
(N/NP) = AMxNP 
(5-31) 
Equation 5-31 can be rearranged as 
A_ 
AN x Mu (5-32) 
(N/Np) x Np 
As shown in Figure 5-16(d), the moment-rotation relation is defined in incremental 
form 
AM= K. x AO (5-33) 
From Equations 5-32 and 5-33 
KBxAO= 
AAFxMu 
(5-34) 
(N/N. ) xN. 
and finaUy, the instantaneous stiffness KB for the softening region can be obtained 
from: 
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ANxMU 
Ke = 
(NINA. ) x Np x A0 
(5-35) 
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Figure 5-16 
Figure 5-17 shows a flowchart of the algorithm. During non-linear analysis the 
magnitude of the axial force N and the bending moment M are the accumulated values 
obtained from the incremental axial force and the incremental moment, that is, MT and 
AM. Knowing M, N, Mu and Ny, the corresponding rotation for the limit point Od is 
calculated. Finally, based on Od and the rotation, the instantaneous stiffness of the 
connection is estimated. 
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Figure 5-17: Flowchart for estimating the stiffness of a connection under axial force- 
bending moment interaction 
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5-5 Modelling of Loading, Unloading and Cyclic Behaviour of a Connection 
5-5-1 Introduction 
It is clear that connections can be subjected to unloading and reloading even though 
the structure itself may not be subjected to any actual load reversals. The incremental 
analysis of semi-rigid steel structures reveals that unloading and reloading may take 
place at the connections, even though the structure is subjected to increasing loads. 
The ability to approximate all the components of the connection behaviour is therefore 
important if a numerical simulation of the response of a structure is undertaken. This 
becomes vital in the case of structures where wind loads may cause the connection to 
experience full load cycles and obviously even more important if the structure is 
subjected to seismic forces. 
The force-displacement behaviour of a semi-rigid connection under a monotonically 
increasing load can be expressed by 
f(F, 8)=0 (5-36) 
where f is a function of the force F and the displacement 8 for the loading path, as 
shown in Figure 5-18. The curve represented by Equation 5-36 is usually termed as the 
`virgin curve'. 
In the case of unloading and reverse loading processes, the connection is assumed to 
unload linearly up to a predefined force F, , 
following the initial stiffness K, of the 
connection, as shown in Figure 5-18. 
During the analysis of a structure, the unloading criterion is 
FxAF<O 
where F is the total force at the connection and AF is its increment. The unloading 
criterion is checked at each time step for all connection elements. Corresponding to the 
loading and unloading, the instantaneous stiffness of the connection element is 
obtained from 
K, _F for loading path (5-37) 
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K; = tim 
F Iago for unloading path (5-38) 
F 
Loading path 
f(F, 8) =0 
(Virgin curve) 
K, Unloading point 
Kt 
1-J Unloading path 
F1 
8 
Figure 5-18: Loading and unloading for a connection 
Under dynamic loading, the non-linearity of the semi-rigid connection will result in the 
hysteretic loop in the constitutive relationship curve due to the cyclic displacement at 
the connection. From the point of view of cyclic behaviour, the connection constitutive 
relationship curve can be 
" stable or 
" unstable. 
The constitutive relationship can be considered stable if it exhibits the same behaviour 
as the monotonic test even if the number of cycles increases. On the other hand the 
behaviour is considered unstable when its stifthess decreases with the number of 
cycles. 
Compared with the mathematical models developed for static behaviour of 
connections, only a few models have been proposed for cyclic behaviour of 
connections. These models can be classified in the following categories: 
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1. Mathematical models based on Masing's hypotheses 
2. Mathematical models based on bounding surface and hardening rules 
3. Other models 
Popov and his co-workers used Masing's hypotheses with a Ramberg-Osgood function 
for the study of cyclic yield reversal in steel building connections [117]. They found 
that the mathematical representation of a hysteresis curve using Ramberg-Osgood 
relationship and Masing's hypotheses is very good in the absence of slip. Moncarz and 
Gerstle [97] proposed trilinearised moment-rotation hysteresis loops based on the 
bounding surface and a kinematic hardening rule. Al-bermani [6] proposed a 
mathematical model based on a bounding line and independent hardening rule. 
Studying models I and 2 indicates that there are clear similarities between the 
constitutive model for the stress-strain curve and the constitutive model for the 
connection behaviour in cyclic response. Hysteresis models developed for connections 
obey hardening rules. Using a Ramberg-Osgood relationship (with a=0.5 and r= 9) 
and Masing's hypotheses complies with a kinematic hardening rule. 
A Ramberg-Osgood relationship has the following form 
=FF-, x l+ax 
F 
PPP 
(5-39) 
where F and 8 are the force and displacement, respectively, and 4, and F. are as shown 
in Figure 5-19, while a and r are positive real numbers. 
The proposed model by Moncarz and Gerstle also emulates the kinematic hardening 
rule. Other models have also been proposed for the stable and unstable cases [95]. 
These models use multi-parameters to define the cyclic behaviour of connections. 
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Figure 5-19: Masing's hypotheses applied to a Ramberg-Osgood function 
5-5-2 Proposed Hysteresis Model 
Although connections can deform in a variety of modes, namely, axial, shearing, 
flexural and torsional, only the flexural mode will be considered in the present study. 
Since, for the connection behaviour under cyclic loading, there are not enough 
experimental data, it is difficult to use curve fitting techniques to represent the 
constitutive relation. Considering stable behaviour for the cyclic response of 
connections, the moment rotation curves obtained by static experiments can be 
extended to dynamic analysis. 
To develop a hysteresis model for the ball and socket joints in space structures based 
on the proposed mathematical model discussed in section 3-2-2, two models are 
proposed. 
" Mathematical model for steady-state hysteresis response 
9 Mathematical model for non-steady-state hysteresis response 
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Mathematical Model for Steady State Hysteresis Response 
This model is based on Masing's hypotheses. Masing asserted that if the force- 
displacement curve for a system for the initial loading is described by 
f (F, S) =0 (5-40) 
where F is the restoring force corresponding to the displacement 8 of the system, 
then the unloading and reloading branches of the steady-state hysteretic response of 
the system are geometrically similar to the initial loading curve except for a two-fold 
magnification, and are described by 
F-Fo 8-80 
where (8, i) is the load reversal point for that particular loading branch. The 
function f should satisfy 
f (-F, -8) = .f 
(F, S) (5-42) 
so that the initial force-deflection curve is symmetric about the origin. The above 
assertion is usually referred to as Masing's hypotheses for a steady-state cyclic 
hysteretic response. A schematic diagram illustrating Masing's hypothesis is shown in 
Figure 5-20. 
0 
0 
Figure 5-20: Masing's hypothesis 
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The model behaviour obtained using Masing's hypothesis is consistent with 
experimental observation of the Bauschinger effect occurring in some metals. One 
major concern associated with the original Masing's hypothesis is that it is useful only 
for steady-state cyclic response or loading between fixed limits. In the case of non- 
steady-state response or loading between variable limits, where the response is not 
cycled around the same closed hysteresis loop, the hypothesis is considered to be 
inappropriate, as shown in Figure 5-21. 
To overcome this problem, Jennings PC [69] suggested that when the reloading path 
intersects the virgin curve (point A, Figure 5-21) the response should follow the initial 
curve. When the response is governed by a non-linear f (F, 8) curve, the intersecting 
curves give rise to a non-linear equation. Despite powerful computer facilities, finding 
the roots of the equation will be time consuming. 
As described earlier, the suggestion that the hysteresis curve is identical in shape to the 
virgin constitutive curve, but enlarged by a factor of two [117] has been attributed to 
Massing. 
0 
0 
Figure 5-21 
Following Masing's hypothesis, the related hysteresis curve can be generated as shown 
in Figure 5-22. In this figure M is the bending moment corresponding to the rotation 6 
under monotonically increasing load and can be expressed by 
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M=M, x(1+e-Z)x(e 
-1 (log x 10 1+0.5) 
-e-2) (5-43) 
and 6o and 9, are the magnitudes of rotations at unloading and reloading points, 
respectively. 
As discussed earlier the main disadvantage in the application of this model is that the 
unloading and reloading curves do not follow the virgin curve after point (00, M0) and 
the reloading paths need to intersect the virgin curve. However, this model is useful for 
steady-state cyclic response or loading between fixed limits. 
0 
Figure 5-22 
Mathematical Model for Non-steady State Hysteresis Response 
In the case of non-steady-state response, or loading between variables limits, where the 
response is not cycled around the same closed hysteresis loop, a mathematical model is 
proposed by the author. This model with three parameters is based on the bounding 
surface model [35,36] and hardening rules. The bounding surface has been proposed 
by Dafalias and Popov [34] and Krieg [80] as an alternative but conceptually similar to 
the model by Mroz [99] for kinematic and isotropic hardening. Instead of defining a 
series of surfaces, individually, two surfaces, a bounding or limiting surface and a 
loading surface are defined. As a result, the model is considerably simplified compared 
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to the nested surface model. Although the bounding surface model has been developed 
for plasticity problems, it has been used for force-displacements hysteresis 
[6,24,57,97]. 
In general, a stable hysteresis model should satisfy the following requirements 
" It should be bounded, above and below, by two limits (upper bound and lower 
bound). 
" Elastic unloading should occur at the load reversal point for that particular loading 
branch. 
" Reloading should start with the initial stiffness at the end of the elastic unloading 
point and should tend to the corresponding limit bound. 
These are illustrated in Figure 5-23. In this figure the upper and lower bounds are the 
envelopes of the hysteresis curves. The equations of these limit bounds can be obtained 
from the virgin or hysteresis curves. The track of the elastic unloading which shows 
the end of the elastic unloading can be found from experiment or hardening rules. In 
general, three different hardening rules can be considered, namely, 
" isotropic 
" kinematic and 
" independent hardening rules. 
Experimental results show that for cyclic and reversing types of loading for materials 
with a pronounced Bauschinger effect, the kinematic hardening rule is more 
appropriate [22]. A summary of the hardening rules is given in Appendix 2. 
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Figure 5-23 Details of proposed mathematical model for cyclic behaviour 
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To describe the proposed mathematical model for the non-steady-state hysteresis 
response, consider Figure 5-24. In this figure OA represents the virgin curve (Equation 
5-43) in the first stage of the loading. The region AB represents the elastic unloading 
from point A to B. The slope of line AB is equal to K,. The reloading path starts from 
point B and moves to point C. For the path BC, the instantaneous stiffness starts from 
K, (for point B) and decreases towards its limit K,, near the bounding line. Since the 
variations of the instantaneous stiffness do not coincide with the equation of the virgin 
curve over a specific length, a new function is used for other reloading and loading 
paths. A simple equation that can satisfy the above requirements can have the forms 
K, = KK + `Y, x (K, - Kw) (5-44) 
or 
Kt = K; +T2 x (K. - K, ) (5-45) 
where 
" K. is the initial stiffness of the connection, 
K,, =d for 0=0 and Ku is the slope of the bounding line b1 and 
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T, and '"2 are two normalised functions that govern the law of reduction of K, K. Y', 
and 'PZ functions are termed the `normalised decreasing function' and `normalised 
increasing function', respectively. In general, these functions can be based on the 
equation of the end track of the elastic unloading. If the end track of the elastic loading 
is considered as a line parallel to the bounding lines (which implies that the initial yield 
surface is parallel to the limit surface) the functions `P, and 'Y2 can have the following 
forms: 
and 
s ý, _ý (5-46) 
T2= sM 
where s, and s2 are shown in Figure 5-24 and 
s, =ßb1, ý-IMI 
and 
2 =I MHbly t 
M 
M 
0 
(5-47) 
(5-48) 
(5-49) 
bl = K. x 0+ Mt (6o, Mo) 
A 
s, 
bly K. x9 82 Kr 
D0 
OB 
C 
(01, Mi) A 
0 0.02 0.04 0.06 0.08 0.10 
Figure 5-24: Details of proposed mathematical model for non-steady-state hysteresis 
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and where 
" bly is the bending moment on the line A representing the track of the end of the 
elastic unloading for the corresponding rotation in the connection and can be 
obtained from 
bly=K x6, (5-50) 
" bl. is the bending moment on the bounding line for the corresponding rotation in 
the connection and can be obtain from 
bi. =K xe+M,, (s-si) 
" Ml is the value to which the moment-rotation curve tends as rotation tends to 
infinity and 
"M is the bending moment in the connection. 
In Figure 5-18, the coordinates of point B are 
9B = (Ma -Ki80)/(K. -K; ) 
MB=K. x 
(5-52) 
(5-53) 
where Qo and Mo are the magnitude of rotation and bending moment at the unloading 
point A, respectively. K, is the initial stiffness of the connection and K. is the slope of 
line A that is the limit of elastic unloading. Line A represents the track of the end of 
elastic unloading. 
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5-6 Non-linear Equilibrium Equations 
It is well known that when there is no proportionality between the displacement 
response of a structure and the applied loads, non-linear analysis is necessary. The 
basic problem in general non-linear analysis is to find the state of equilibrium of a body 
corresponding to the applied loads. Assuming that the externally applied loads are 
described as a function of time, the equilibrium conditions of a system of finite 
elements representing the body under consideration can be expressed as 
R`-F'=0 (5-54) 
where the vector R' represents the externally applied nodal loads at time t and the 
vector F` the internal nodal forces. When the analysis includes path-dependent non- 
linear conditions, or time dependent phenomena, the equilibrium relations in 5-54 need 
to be solved for the complete time range of interest. This response calculation is 
effectively carried out using a step-by-step incremental solution, which reduces to a 
one-step analysis for a static time independent solution when the total load is applied at 
once and only the configuration corresponding to that load is calculated. 
The basic approach in an incremental step-by-step solution is to assume that the 
solution for the discrete time t is known and the solution for the discrete time t+ At is 
required, where At is a suitably chosen time increment. Hence, 5-54 at time t+ At 
will be 
Rr+er _ Fr+er (5-55) 
where the superscripts denote `at time t+ At', assuming that R`°` is independent of 
the deformations. Since the solution is known at time t, 
Ft+& =F'+ F (5-56) 
where F represents the increments in the nodal forces corresponding to the 
increments in the element displacements from time t to time t+ At. This vector can be 
approximated using the tangent stiffness matrix K' which corresponds to the 
geometric and material conditions at time t+ At. 
FmK`U (5-57) 
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where U is a vector representing the incremental nodal displacements and 
, OF` Kt =a Uf 
(5-58) 
Hence, the tangent stiffness matrix corresponds to the derivative of the internal 
element forces F` with respect to the nodal displacements U`. Substituting 5-57 and 
5-56 into 5-55 
K`U = Rt+°` - Ft (5-59) 
Solution for U will give an approximation to the displacements at time t+ At, 
Ut+°`, U` +U (5-60) 
The exact displacements at time t+ At are those that correspond to the applied loads 
Having evaluated an approximation to the displacements corresponding to the time 
t+ At, the corresponding nodal forces at time t+ At can be estimated. The solution 
then proceeds to the next time increment calculation. However, because of 
approximations in 5-57, such a solution may be subject to significant errors and, 
depending on the time or load step size used, may indeed be unstable. In practice, it is 
often necessary to iterate until the solution of 5-55 is obtained to sufficient accuracy. A 
widely used iteration procedure is the modified Newton iteration. This method is 
effective in many cases and contains the basic solution steps used in practically all 
incremental solution strategies. 
The equations used in the modified Newton iteration are for i =1,2,3,..., 
K`DU(1) = Rt+e' - F(; ±IN (5-61) 
t+& - t+At vý,, - v(, _,, + AU(j) (5-62) 
In the initial iteration, the relations in 5-61 and 5-62 reduce to equations 5-59 and 5- 
60. Then, in subsequent iterations, the latest estimates for the nodal displacements are 
used to evaluate the corresponding nodal forces F(, ") . 
Furthermore, the out-of- 
balance vector Rt+°` - F(; ±, corresponding to a load vector that is not balanced by 
element forces, that is, an increment in the nodal displacements, is required. This 
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updating of the nodal displacements in the iteration is continued until the out-of- 
balance loads and incremental displacements are sufficiently small. 
5-6-1 Updating the Deformations 
After obtaining equilibrium at the end of each load increment, the geometry of the 
structure should be updated to provide the basis of the next load increment. The 
current geometry of the structure depends on its initial shape and on the total 
displacement vector, as shown for a connection element in Figure 5-25. The current 
nodal positions can be found by adding the translational components of the current 
displacement vector AU, ""' to the coordinates of the joints for the previous load level, 
U++' = Ui + AUr+nt (5-63) 
To update the nodal orientations and the shape of the elements, the rotational 
components of the displacement vector should be updated. For small incremental 
rotation components, an approximate value for the current rotations can be obtained 
using equation 5-63. However, for large values of the incremental rotation 
components, the problem of the non-commutativity of large rotations in three 
dimensional space arises as the resultant orientation will differ according to the order 
of consideration of the rotation about each axis. 
This problem can be overcome in a number of ways, and the method outlined below 
generally follows that presented by Oran [109] and Argyris [11]. Because of the non- 
commutativity of large rotations, each rotation component (9X, , 
9X2 
, 
9X3) about each 
of the three axes (X, , 
XZ 
, 
X3) is represented by a 3x3 rotation matrix and the resultant 
rotation is represented by the multiplication of these three rotation matrices. This 
means that large rotations in three dimensional space cannot be treated as a vector. To 
overcome this problem, the order of rotation should be kept the same throughout the 
analysis and the deformed orientation of a joint is described generally in the form of a 
3x3 matrix a called the `joint orientation matrix' [ 109] or transformation rotation 
matrix [11]. 
203 
X2 
Xi 
Figure 5-25: Motion of a connection element 
Consider a general point A in space with coordinates X, 4 , Xz,,, 
X3A, as shown in 
Figure 5-26. Let this point be rotated by 0 (B =6T O) about OR, where 
9= [6X, 9X2 9X3 IT and 9X, , 9X2 and 9%3 are the components of 0 in the Cartesian 
coordinate system OX, X2X3. The new position of A will be A', as shown in Figure 5- 
26. It is now necessary to find the relationship between the vector X, and XA. This 
may be written as 
XA. =a X, 
where the so-called rotation matrix (or joint orientation matrix) a is a non-linear 
function of 0. 
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In order to define the rotation matrix a, consider the finite rotation vector 9 
(9 = [9X, 6X2 6X3 ]T) that has of a rotation magnitude 6 (W=0'0) and a rotation 
axis or direction in space OR. Physically, the rotation vector O is interpreted as a 
rotation by 8 radians around the axis OR. To mathematically characterise this finite 
rotation, the rotation vector 8 is used to define an orthogonal transformation matrix, 
that is, a rotation matrix. 
X3 
xi 
Figure 5-26 Point A is rotated by 9 about OR 
X2 
The rotation matrix a can be expressed as an exponential of a skew-symmetric matrix 
[ 11,112,109]. To do this, a skew-symmetric matrix S is defined associated with 0 
such that 
S"9=0and 
S" v= 0xv for all vectors v 
(5-64) 
(5-65) 
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where 9 is called the axial vector of the skew-symmetric matrix S. It turns out that, if 
0= [OOI e129]T then 
0 °X3 OX2 
S= 8X3 0 9X, 
- 
0X2 OX1 0 
(5-66) 
The exponential of the skew-symmetric matrix S is an orthogonal rotation matrix a 
which produces the finite rotation 9. By expanding exp(S) in terms of a series, the 
joint orientation matrix a aquires the form 
a= exp(S) = I+S+ 
Zi 
5ý+... (5-67) 
The above infinite series has the following closed form [65,112,113] 
a =exp(S)=cos(9)I+sin(9 )/(9 )xS+(1-cos( 9))/( 57)x, 32 (5-68) 
where a typical element of a is given by 
atf = cos 8 x8+(1-cos(B )) e' +sin(B )c ke (5-69) 
on o 
and where si, t is the alternator tensor, defined by 
E123-E231=8312-1; 
6'132-6'213-6'321-'1; 
all other s,, k=0; 
and 8, f is the Kronecker delta, that is 
56, =1 if i=j 
8t, =0 if i*j 
(5-70) 
The joint orientation matrix which is based on the components 6xß s 
0X2 
s 
OX3 of 8 is of 
the form 
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1-(1-t? )C 11IZC-s13 t1t3C+st2 
a= t1t2c+st3 1-(1-t2 )c t2t3C-stl (5-71) 
t1t3C-st2 t2t3C-stl 1-(1-t3 )c 
where t, =', 12 =eel , 13 =3, c =1- cos(9) and s= sin(W) 
By expanding cos(9) and sin(g) terms of the series and using a second order 
approximation, the rotation matrix will become 
11+! ýe213+e2X2 
Q= 0X3 +1 OXIOX2 
eX2 +2 OX 
IOX3 
- 
°X3 +I OXIOX2 
I+ 
1 
(82XI +02X3 
o11 +2 OX2OX3 
OX 
2+I 
OX 
I 
OX 
3 
- 
ox, +2 9X2OX3 
1+2 (02X, + 02X2 
(5-72) 
When the rotations are assumed to be small by using first order approximation, the 
rotation matrix can be approximated by 
1- 9X3 OX2 
= e13 1- ox, 
- 
OX2 OX, 1 
(5-73) 
Based on Equations 5-71 and 5-73, the joint orientation matrix a is incorporated in a 
non-linear analysis program. The author's experience shows that during a non-linear 
analysis, if the time increment is chosen small enough, Equations 5-71 and 5-73 give 
rise to identical results for the structure response. The time increment in static analysis 
is usually selected based on the applied load and in dynamic analysis is based on the 
structure period. 
5-6-2 Compound Rotations 
A compound rotation is a succession of two or more rotations. In geometrically linear 
problems, compound rotations are obtained simply as the linear superposition of the 
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individual (linearised) rotation vectors. This may be justified by the following. Let 8, 
and 62 be infinitely small rotations. Then exp(S, ) ~ I+(S, ), exp(S2) "s I+(S2) and 
exp(S, )xexp(S2) -exp(S2) x exp(S, ) - 1+(S, )+(S2) (5-74) 
In geometrically non-linear analysis, compound rotations are no longer additive. 
Furthermore they are not commutative. That is, the order of application is important. 
A significant exception occurs when the multiple rotations share the same rotation 
axis. Let a; be the orthogonal transformation representing the compound rotation 
defined as the product of a set of individual or incremental rotations Da;, for 
For the iterative numerical solution procedure, a, is the total rotation after 
i increments, where Da;, for 1=1,2,..., p is the converged rotation field solution at each 
increment. By definition, the compound rotation is the product 
aj-Aa xAa, _,... xAa, (5-75) 
or equivalently by the recursion relation 
a, Aa, x aa_, (5-76) 
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5-6-3 Element Orientation Matrix 
The orientation of the connection element for updated axes x, , x2 , x3 with respect to 
the global axes X,, X2, X3 is described by the orthogonal direction cosine matrix `r'. 
The matrix r relates the end forces or displacements of each connection element in the 
directions of the structure global axes to its components in the directions of the 
connection element updated axes. The matrix r depends on the coordinates of the two 
ends of the connection element and on the orientation of each end cross section of the 
element. The orientation of the end sections of the connection element depends on the 
rotation of the end section about the local current longitudinal centroidal axis x,. 
Figure 5-27 shows a connection element with local and global coordinate systems. In 
this section, for clarity, a connection element is shown by a `spiral'. 
The derivation of the rotation matrix, for the initial position of a connection element, 
involves three rotations 0, sp and y about the three axes X3, X2 and X,, 
respectively, as shown in Figure 5-28. Each rotation results in a rotation matrix r, ro 
and ro and the multiplication of these matrices results in the final initial element 
rotation matrix ro , 
ro =r; x ra x ra (5-77) 
The rotation y represents the tilt of the connection element which is often zero. For the 
case of vO, Equation 5-77 can easily be written in terms of the coordinates of the two 
ends of the connection element. Considering Figure 5-28 and using simple 
trigonometry, Equation 5-77 becomes 
Ax, Axt X Axz Ax3 
L DxL D 
Oxz D 
ro = LL0 
(5-78) 
&C3 Axe x &3 Axt 
L DxL D 
where Ax, = x; - x; dx2 = x2 - x2 , &3 = x3 - x3 , x; , x2 , x3 and x; , x2 , x3 are 
coordinates of nodes i and j in the global axes Xi, X2 and X3, 
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D= Ax ,Z +&22 and L= dx, 
2 +Ax22 +Ax, 2 
I 
X2 
X! 
Figure 5-27: Connection element coordinates 
(a) Rotation y about x, 
r I 
ý X3 
X37 
ri1 
xj9' 
X3 
zT 
(b) Rotation ýp about x, y 
Figure 5-28 
ri, 
xlf 
X3V, X3 
(c) Rotation 0 about x3° 
In the deformed position of the connection element, the updated coordinates and the 
orientation angle of the nodes at the ends of each element should be used to compute 
the current element orientation matrix. The element orientation matrix for any element 
may differ from one end to the other due to the difference in the orientation angle y 
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Connection 
element 
X2 / 
X1 
x? r Xi, X2' X2f 
resulting from the different twisting about the longitudinal x, axis at the two ends of 
the element. For small relative twisting of the ends, the average twist y, ' at the 
deformed position i may be related to the orientation angle yo at the initial 
undeformed position o by 
Y, M M Y. + 
f, Bxil 
2 
(5-79) 
where 9, r, and 01, are the twisting of the ends of the connection element i and j, 
respectively. Under the application of the external loads, large rotations of the ends of 
the elements may take place. The order of occurrence of these rotations is arbitrary 
which means that a different orientation matrix for each end of a member is necessary 
in this case. 
Consider a deformed connection element and let X, ', X2, X3 and Xj, X2 j, X3 be its 
node coordinates and a, and a2 the associated rotation matrices of its two nodes. Due 
to the fact that the two end sections of the connection element are not exactly parallel 
to each other, let p,, p2 be the end section orientation matrices, where these matrices 
represent the combined effects of both the rotation matrix and the element orientation 
matrix. It follows that 
p, = a1 x r, (5-80) 
pz = a2 x ro (5-81) 
where r, is the element orientation matrix in the initial undeformed configuration. 
To define the current element orientation matrix r, the first column of the matrix 
[r r2, r3, ]', as well as the relative axial displacements u, can be obtained from the 
member end coordinates [ X' X2 X; ]' and [ X; Xz X3 ]T . 
Also due to the small 
relative deformation assumption, the relative end rotation angles in the element current 
axes 9z2 , 
9s3 
51 
BZJ, 8; (Figure 5-29) can be obtained as scalar products of the first 
column [r(') ] of the current element orientation matrix with appropriate column of p, 
and p2 thus 
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1 
PST [r(1) x- 9x3 (5-82) 
0 x2 
r1 - 9j (5-83) A 
9' 
x2 
where the superscript T denotes transpose. Similarly 
K' ` -[p 2) ]T 
[p 3) I" [p 3) ][p? ) ] (5-84) 
where wt is the relative twist between the ends. This twist does not depend on the 
rotation matrices in the local current axes after rotating the end sections about their 
principal directions x2 , x3 
but not about their normal axis x,,, in such a way as to make 
these sections perpendicular to the element x, axis, that is, wt =0. Thus 
a 1 ex3 - ex2 
jj 1 ex3 - ex2 
e, 9x3 10 and e2 8310 (5-85,86) 
px2 01 
e201 
In this situation, the new end section orientation matrices will be given by 
r, st Axe, (5-87) 
and 
r2 f p2 x ez (5-88) 
For small relative rotation w, the element orientation matrix r of an average cross 
section will be taken as the average of the end section orientation matrices rl and r2. 
Thus 
rNý(r, +r2/ (5-89) 
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X2 element element 
rrr 
10 
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X1 xl 
i ex 
Bz 
X3 
(a) (b) 
Figure 5-29: Connection element deformations 
5-6-4 Coordinate Transformation 
Consider an undeformed connection element y as shown in Figure 5-30. The local 
coordinates (x,, x2, x3) are defined as the principal axes of the connection element. 
X3 
xs 
Connection element 
x, 
x3 
X2 
X1 
Figure 5-30: A connection element with local and global coordinates systems 
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Forces and displacements at ends i and j are related by the stiffness matrix of the 
connection element. For a three-dimensional analysis, there are six force components 
and six displacement components at each end. The stiffness matrix of the connection 
element relates the twelve force components to the corresponding twelve displacement 
components as 
f-Kc u (5-90) 
where f is the force vector, u is the displacement vector and Kc is the local stif kess 
matrix of the connection element. 
The basic feature of a problem with geometric non-linearity is that equilibrium 
equations must be written with respect to the deformed geometry, which is not known 
in advance. Therefore, the element-to-structure transformation is based on the 
deformed configuration of the element to account for the geometry change. The 
connection element stiffness relationships are written for each element with respect to 
its local system of coordinate axes (x,, x2, x3). As the deformation occurs, the element 
changes its position to the deformed configuration and consequently the directions of 
the local axes (x,, x2, x3) for the element change. As far as the structure as a whole is 
concerned, the stiffness relationships are expressed in terms of an overall global system 
of axes. Thus the element orientation matrix r is used which transforms a vector from 
the local system (x,, x2, x3) to the global system (X,, X2, X3). 
In the case of a three dimensional analysis, the displacement vector u and the force 
vector fin the local system are transferred into the global system U and F using the 
12x 12 transformation matrix T, where 
r000 
0r00 
00r0 
000r 
where the 0's are 3x3 null matrices and where 
F=Tf 
U=Tu 
(s-91) 
(5-92) 
(5-93) 
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Using Equations 5-92 and 5-93, the element stiffness relationship in Equation 5-90 is 
transformed into the global system 
F=T Kc fU 
or F=Kg U 
where 
Kg=T Kc if 
is the global stiffness matrix of the connection element. 
5-7 Implementation into Finite Element Code 
(5-94) 
(5-95) 
The connection element was implemented and incorporated into the general purpose 
finite element code ABAQUS. This was achieved by the programming of a user 
defined element as a UEL subroutine. ABAQUS is based on an incremental strategy 
and uses a Newton-Raphson method as the numerical technique to solve the non-linear 
equilibrium equations within each increment [65]. 
The connection element's contribution to the model during analysis is that it provides 
forces, F, at its nodes that depend on the values of the displacements, U, at the nodes. 
At each iteration the vector of nodal displacements U and the vector of incremental 
nodal displacements AU are passed to the user subroutine. These vectors are obtained 
based on the global coordinate system. Then, using U and A U, the element 
orientation matrix r and the transformation matrix T are calculated. Having the 
transformation matrix, nodal displacements and incremental nodal displacements, the 
nodal displacement vector u and the incremental nodal displacement vector Au in the 
local coordinate system are evaluated. 
The relative displacements are then calculated according to relative displacement and 
incremental displacement of the connection element nodes, that is, i and j. 
The internal force vector f and the stiffness matrix Kc for each element are then 
evaluated from the relative displacements of the connection element end nodes. Then 
the internal force vector and the stiffness matrix are transformed to the global 
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coordinate system. Now F and Kg are passed back to the main program, assembled 
into the global equations, and the next displacement increment predicted: 
AU' = K1 +1_'[R1+1 - Fin+, (5-96) 
where R+1 represents the external load vector. The improved total displacement is 
then given by: 
U`+' = U'. + AU' (5-97) 
This new estimate of displacement is passed to the user subroutine and the next 
correction is performed at the element level. The procedure is continued until the force 
residual 
r'+' =R- F't+' n+I (5-98) 
is reduced to an acceptable value, at which stage the solution moves to the next load 
increment. 
The capabilities of the subroutine are 
" perturbation static analysis, 
" general static analysis including Riks analysis, 
" frequency analysis and 
" dynamic analysis. 
The non-linear analysis program solves the overall system of equations by Newton's 
method. During iterations F should be defined, which is the element's contribution to 
the residual R and 
-dF/dU (5-99) 
which is the element's contribution to the Jacobian Kg. By writing the total derivative 
dF/dU, it is implied that the element's contribution to K should include all the direct 
and indirect dependencies of F on U where F and U are the nodal forces and 
displacements, respectively. 
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For direct implicit integration of a dynamic system, the Hilber-Hughes-Taylor scheme 
[66,67] has been used which requires storage of velocity ü and acceleration ü. For 
the Hilber-Hughes-Taylor scheme 
r (5-100) If 
t+At 
ßx At 
&2 (5-101) C du -ß1 x 
where ß8 and y are the Newmark parameters of the integration scheme. 
The Hilber-Hughes-Taylor scheme considers the overall dynamic equilibrium equations 
as 
-MüNAt +(1+a)G", t -aGN =F' t+ t 
(5-102) 
where G is the total force at a degree of freedom N, excluding d'Alembert forces and F 
is the contribution of the connection element to the right-hand-side vectors of the 
overall system of equations [65]. Here, G is referred to as the static residual. 
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5-8 Verification of the Analytical Modelling of the Connection Element 
5-8-1 Introduction 
The verification of the analytical modelling of the connection element in semi-rigid 
analysis has been carried out based on 
" an upper limit, 
"a lower limit, 
" comparison with JOINTC element in ABAQUS and 
" comparison with experimental and numerical results (benchmark problems). 
Theoretically, the upper and lower limits of the behaviour can be obtained by setting 
the elements of the stiffness matrix corresponding to the rotational degrees of freedom 
of the connection element to infinity and zero, respectively. In the case of the 
connections whose behaviour are modelled by rotational springs, when the stiffness of 
the springs ke is large compared with the flexural stiffness EUL of the beams, the 
behaviour of the structure is the same as a rigidly connected structure. Also if the 
stiffness of the springs is small compared with the flexural stiffness of beams, the 
behaviour is the same as a pin connected structure. 
A number of numerical examples for both static and dynamic analyses which have been 
carried out by the author suggest that when the ratio of the stiffness of the springs ke 
and the flexural stiffness EIL of the beams is about 1000 in one case and 0.01 on a 
second, the structure behaviour tends to the two limits, that is the rigidly jointed and 
pin jointed limits, respectively. Figure 5-31 shows schematically the changes of the 
behaviour of the structure with respect to the relative stiffness of the connection, 
namely, 
ke 
EI/L 
The study of a large number of examples by the author shows that the variation of the 
response of the structure with respect to the relative stiffness of the connection has a 
shape similar to a `sigmoid' curve. 
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5-8-2 Comparison with JOINTC element in ABAQUS 
In order to verify the connection element's capability, the results of a number of 
analyses using the connection element are compared with those obtained using 
JOINTC elements in ABAQUS. JOINTC elements are used to model the interaction 
between two nodes which are almost coincident. The element represents a connection 
which has internal stiffness and damping. The behaviour of the connection is defined in 
a local coordinate system which rotates with the motion of the first node i (see Figure 
5-32) of the JOINTC element, and may consist of linear or non-linear springs and 
dashpots in parallel, coupling the corresponding components of relative displacement 
and of relative rotation in the connection [65]. 
R 
U 
y 
N 
ke 
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Figure 5-31: A variations of structural response with respect to relative stiffness of the 
connection 
The main features of the JO1NTC element are as follows: 
" It utilises fixed curves for the constitutive relationship curves of different degrees of 
freedom and the curves are idealised by piece-wise linear variations. 
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" Its behaviour is non-linear-elastic and consequently inelastic behaviour cannot be 
modelled. However, this element can be used for static analysis without unloading 
occurring in the connections. 
Figure 5-32 
In order to compare the connection element with the JOINTC element, a single layer 
grid dome is used as an example. The span and the rise of the dome are taken to be 
7200 mm and 288 mm, respectively, A perspective view of the dome is shown in 
Figure 5-33. The dome is composed of 90 steel members. The members are connected 
by semi-rigid connections whose moment-rotation behaviour is assumed to be 
governed by 
M=2218.0X(1+e-2)x(e 
-1/(101.6 x 10 1+0.5) 
-e-2) (5-103) 
where M is the bending moment corresponding to the rotation 6, with M in kNmm and 
9 in radian. The equation is plotted in Figure 5-34. In order to evaluate the 
instantaneous stiffness of the connection, Equation (5-103) is used directly for the 
connection element. In contrast, as far as the JOINTC element is concerned, the 
variations occur in a linearly piece-wise manner. In order to linearise the moment- 
rotation behaviour, a methodology is used based on Fibonacci numbers [Appendix 3]. 
This method allows the user 
9 to overcome possible numerical difficulties regarding abrupt changes in the stiffness 
of the connection, 
" to decrease the number of divisions during linearsiation and 
" to increase the accuracy of the results. 
The beam elements of the dome are chosen to have a diameter of 60.5 mm and a 
thickness of 3.6 mm. The dome is supported at all the boundary nodes. The structure is 
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modelled using the JOINTC element and the connection element separately. An 
incremental concentrated load is applied to the central node of the model. 
Figure 5-35 shows the load-displacement curves for the two analyses. It can be seen 
that the semi-rigid analysis of the dome using the connection element is in good 
agreement with that obtained using JOINTC elements. It should again be noted that 
the connection element uses a continuous constitutive relationship but the JOINTC 
element utilises a piece-wise linear variation. 
P 
Figure 5-33: A single layer grid dome with identical semi-rigid connections 
loaded at the centre 
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Figure 5-34: Moment-rotation curve of Equation 5-84 
together with the linearalised model for JOINTC element 
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Figure 5-35: Results obtained from the connection element and JOINTC element 
5-8-3 Comparison with Experimental and Numerical Results (Benchmark 
Problems) 
A new computer program should always be verified by suitable reference to benchmark 
problems. In this regard, selecting suitable benchmark problems is an important task. 
An analytical, experimental or numerical problem to be used as a benchmark should 
possess the following attributes: 
" It must exhibit specific characteristics which serve to test certain behavioural 
aspects of the structure. 
9 It must be well-documented and contain all the pertinent information necessary for 
the studies. 
Over the years a limited number of laboratory tests on semi-rigidly jointed structures 
have been conducted throughout the world. Most of these tests are for planar steel 
frames and a few of them relate to space structures. As far as this latter category is 
concerned, a number of tests have been carried out based on static loading. However, 
there does not seem to be any test associated with the dynamic behaviour of a semi- 
rigidly jointed space structure. 
222 
5-8-4 Numerical Examples 
In order to compare the efficiency, accuracy and capability of the connection element 
with other numerical and experimental results, the following examples are considered. 
Examples 1 to 3 are used to compare the efficiency and accuracy of the analytical 
modelling of the connection element with benchmark problems. Example 4 is used to 
validate the connection element based on upper and lower limits in a dynamic analysis. 
Finally, Example 5 shows the hysteretic behaviour of the connection element due to 
impulsive and periodic loading. 
Example 1 
The Williams' toggle [146] has been used as a benchmark problem for comparison of 
numerical solution algorithms, Figure 5-36b. This structure with semi-rigid 
connections has been investigated previously by Chan [19]. It is selected in order to 
illustrate the influence of semi-rigid connections in pre- and post-buckling behaviour. 
The equilibrium paths for the toggle with different locations of the semi-rigid joints of 
stiffness equal to EUL of the beam element are plotted in Figure 5-37, together with 
the plots for pin and rigidly jointed cases. The result for the rigid connection agrees 
with the experimental plot by Williams. The responses obtained from the analyses 
agree with results due to Chan. It can also be seen in the figure that the locations as 
well as the magnitude of the joint stiffness are important in relation to the stability of 
the structure. 
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Figure 5-36: (a) Cross section of the beam element and the assumed rotational stiffness 
for the semi-rigid connection, (b) and (c) Toggle with rigid and pin connections, (d)-(f) 
Toggle with semi-rigid connections in different locations 
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Figure 5-37: Results of non-linear analysis for the toggle with different conditions for 
connections 
Example 2 
Natural frequencies of an L-type frame with a semi-rigid connection have been 
investigated analytically and experimentally by Kawashima and Fujimoto [73]. As 
indicated in Figure 5-38, the connection between the horizontal and vertical beams has 
been considered as a rotational spring. The stiffness of the spring is related to the 
stiffness of the beam and the connection fixity factor v in the form 
3E1 v k=- 
L 1-v 
where E, I and L are the modulus of elasticity of the material, the second moment of 
area of the cross-section and the length of the beam, respectively. 
The frame is made from mild steel and the member lengths are 1500 and 1000 mm. 
The flexural rigidity EI is 42300 kN mm 2. The analytical results for the natural 
frequencies for three fixity factors are shown in Table 5-1 together with the 
225 
experimental and other analytical results. In Table 5-1, `cal' and `exp' stand for 
`calculated' and `experimental', respectively. The results of the frequency analysis of 
the analytical models using the connection element agree approximately with the 
experimental values. 
1500 mm 
I 1000 mm Figure 5-38 L-type frame 
Table 5-1 L-Type frame natural frequencies (Hz) 
rigid semi-rigid 
mode v -0.470 v -0.307 v -0.025 
cal 1731 cal [73] exp cal [73] exp cal [73] exp 
1 16.3 16.3 14.3 14.9 15.5 14.1 14.5 14.1 13.9 13.7 13.9 
2 36.1 35.9 32.2 33.0 30.8 32.0 32.1 30.2 31.6 30.8 29.9 
3 52.2 52.0 45.4 46.4 45.0 45.2 45.6 44.1 45.1 44.6 43.9 
4 96.0 96.2 90.2 96.0 91.9 90.2 95.8 89.1 90.1 95.1 83.4 
Example 3 
A shallow single layer grid dome has been studied experimentally and analytically by 
Fathelbab and McConnell [42] at Cambridge University. A perspective view of the 
dome is shown in Figure 5-39. The model is composed of 90 steel members. The exact 
configuration of the dome is given in reference [42]. The nodal coordinates given in 
the reference incorporate the actual imperfections. The members are connected by the 
MERO jointing system which is shown in Figure 5-40. The members are tubular with a 
diameter of 30 mm and a thickness of 1.6 mm. The dome is supported at all the 
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boundary nodes. An incremental uniform load is applied to the internal nodes of the 
model. 
The moment-rotation curve of the connections has been predicted by the mathematical 
model and the finite element technique [28], as shown in Figure 5-40. The dome with 
the actual measured coordinates of the nodes has been analysed with rigidly, pinned 
and semi-rigidly jointed connections. 
Figure 5-39: The dome configuration with loading points 
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Figure 5-40: Moment-rotation behaviour of the connections 
Figure 5-41 shows the load-displacement curves for node A, shown in Figure 5-39 
with different connection types together with the test results for the semi-rigidly 
227 
jointed dome. It can be seen that the semi-rigid analysis of the dome using the 
connection element can predict the behaviour of the actual structure well. 
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Figure 5-41: Load-displacement curves for different analyses for node A using the 
connection element 
Example 4 
The dynamic response of a simple shallow grid dome, subjected to a blast loading is 
presented to illustrate the validation of the connection element based on the lower and 
upper limits. The dome is composed of 12 steel beam elements. The beams are 
connected by semi-rigid joints. The members are tubular with a diameter of 60.5 mm 
and a thickness of 1.6 mm. The dome is supported at all the boundary nodes. The 
moment-rotation characteristic of the connections has been assumed to be as shown in 
Figure 5-34. A perspective view and dimensions of the dome are shown in Figures 5- 
42a and 5-42b, respectively. Figure 5-42c shows the loading history applied at the 
central node. The load consists of a triangular impulsive loading and it is of relatively 
short duration, 0.2 seconds. The duration of the impulsive loading is considered to be 
less than the largest period of the dome. The response of the dome to such an impulse 
is divided into two phases. The first corresponds to the forced-vibration phase in the 
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interval during which the load acts and the second corresponding to the free-vibration 
phase. 
(a) Perspective view of the dome 
1730.32 mm 1730.32 mm 
loon mm 
2000 mm 
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60.5 .... 
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0.0 0.1 0.2 
(b) (c) 
Figure 5-42: (a) Perspective view of the Dome, (b) Dimensions of the Dome, 
(c) loading history 
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The dome was analysed subjected to a triangular impulsive loading. Figure 5-43 shows 
the time-displacement response of the dome with different types of connections. 
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Figure 5-43: Time-displacement response of the dome for different types of connection 
flexibility 
In Figure 5-43 the circles and triangles show the results of analysis for pinned and 
rigidly jointed domes, respectively, using standard beam and truss elements. Dashed 
lines in the figure show the results of analyses when the rotational stiffness of the 
connection is infinity or zero. The results indicate that the connection element satisfies 
the upper and lower limits. The solid line shows the results of an analysis with semi- 
rigid connections. It can be seen from the figure that the presence of flexible joints 
affects both the frequency and amplitude of the response considerably. 
Example 5 
The dynamic response of the grid dome of example 5 under blast and periodic loadings 
is used to illustrate the effect of the hysteretic behaviour of the connections. The 
0 
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model's specification and connection behaviour are the same as example 5. Figure 5-44 
shows the load history for the blast and periodic loadings. 
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sec) [ýý7 7-11zý 7t sec) t 
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(a) (b) 
Figure 5-44: (a) loading history for the blast loading (b) loading history for the 
periodic loading 
Non-linear dynamic analysis of the dome using the connection element for the two 
types of loading was carried out. The cyclic behaviour of the connections was 
modelled using the proposed mathematical model discussed in section 5-5. It was 
assumed that the track of the end of the linear unloading paths of cyclic behaviour for 
the connections is parallel to the bounding line. The time-displacement responses of the 
dome for the two types of loading are shown in Figure 5-45. In this Figures curve l 
represents the response of the dome for the connections with non-linear-elastic 
behaviour and curve 2 represents the response of the dome for connections with 
hysteretic behaviour. 
The moment-rotation response of connection C (see Figure 5-42a) has been plotted in 
Figure 5-46. 
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Figure 5-45: Time-displacement response of the dome 
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5-9 Concluding Remarks and Discussion 
In conventional analysis of space structures, connections are considered to be either 
perfectly hinged or completely rigid. However, the actual response of most practical 
connections will usually fall somewhere between these two extremes resulting in what 
is generally termed "semi-rigid" behaviour. A realistic assessment of the behaviour of 
space structures requires the influence of the semi-rigidity of the connections to be 
taken into account in the analysis. 
In order to perform non-linear analysis of semi-rigidly jointed space structures, a three 
dimensional connection element has been defined and incorporated into a general 
purpose finite element code. The assumed stiffness matrix for this element is a diagonal 
matrix in which the diagonal elements are the tangent stiffnesses of the constitutive 
relationship curves for different degrees of freedom. Also, the offset and eccentricities 
have been modelled in the connection element. 
A suitable technique, based on experimental results, for including the interaction 
between the axial force and bending moment is proposed. In this technique the 
hardening behaviour of the connection is simulated by a mathematical model and the 
softening behaviour is estimated from the limit surface of the axial force and bending 
moment diagrams. The interaction between the axial force and bending moment is 
taken into account in the finite element code. As shown in Figure 5-47, the 
experimentally obtained trace shows a gradual force redistribution before the limit 
surface is reached while it is modelled by an abrupt trace in the connection element. 
The trace has a `cusp point' as shown in the figure. In fact, the gradual force 
redistribution in the connection behaviour is a consequence of successive yielding in 
the connection until ultimate strength is reached. Finding the law for subsequent 
yielding needs further research. In cases where the equation of the locus of the limit 
points on the moment-rotation surface can not be found, an approach based on the use 
of the equation of the limit surface can be used to determine the cusp point. To 
elaborate, assume that the equation of the limit surface has the following form 
M2NZ 
+- =1 Mu NT (5-104) 
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During non-linear analysis, the tangent stiffness of the connection is found from 
equation 5-24 (hardening behaviour) provided that 
M2N2 
+(_ -1<0 (5-105) 
or from Equation 5-35 (softening behaviour) provided that 
Al' ZN2 
+- Mu ,. 
-1>o (5-106) 
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Figure 5-47: Force trace for a connection on axial force-bending moment diagram 
In order to develop a hysteretic model for the ball and socket joints in space structures 
based on the proposed mathematical model discussed in section 3-2-2, two models are 
proposed, namely, 
"a mathematical model for steady state hysteretic response and 
9a mathematical model for non-steady state hysteretic response. 
Limit surface 
Cusp point 
Experimentally obtained trace 
Modelled trace 
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These models can simulate the connection behaviour for dynamic loading. The second 
model for non-steady state hysteretic response can cover different proposed models 
based on tracking of the end of elastic unloading. The main difference between the 
second proposed hysteretic model and the proposed cyclic models in the literature is 
in the length of elastic unloading and the control on reloading and loading paths via the 
normalised decreasing function q', , see 
Section 5-5. 
The efficiency and accuracy of the connection element with other numerical and 
experimental results were checked in Section 5-8. Comparison of the connection 
element results with benchmark problems confirms the efficiency and reliability of the 
connection element. 
Theoretical advances in the non-linear response analysis of structures must be 
supplemented with algorithms capable of implementing the sophisticated behaviour of 
connections. The connection element allows the convenient modelling of all aspects of 
the behaviour of connections. On the other hand, as the connections are taken as 
independent elements, the number of nodes and elements will be increased. This 
problem can be overcome by using static condensation technique [31 ]. Static 
condensation is used to eliminate unwanted degrees of freedom. This method is 
employed to perform part of the solution of the total finite element system equilibrium 
equations prior to assembling the matrices. The basic idea of matrix condensation is 
simply Gaussian elimination of chosen degrees of freedom to reduce the size of the 
problem. In static analysis, there is no loss of accuracy resulting from such a reduction 
because the dependent degrees of freedom are exactly recovered in the back 
substitution phase. In dynamic analysis, a similar type of condensation can be used to 
reduce the number of degrees of freedom but a new type of approximation is involved 
to perform the reduction of the stiffness and mass matrices, as shown by Guyan [58]. 
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CHAPTER 6 
EFFECTS OF SEMI-RIGIDITY OF CONNECTIONS ON THE BEHAVIOUR 
OF SPACE STRUCTURES 
6-1 Introduction 
The analysis and design of lattice space structures are simplified by the assumption that 
the connections behave as pin or as rigid joints. However, since the actual behaviour of 
the joints does not conform to either of the extremes, it is necessary to carry out a 
careful study of the connection effects on the overall structural behaviour. 
Consideration of the semi-rigidity of the connections in structural analysis and design 
provides a real insight into the structural behaviour and helps in producing realistically 
proportioned designs. Studying the effects of the semi-rigidity of the connections on 
the structural performance leads to a categorisation of structure types with respect to 
their degree of sensitivity to semi-rigidity of connection. On the other hand, the study 
may lead to an understanding of the benefits of semi-rigid design. 
The main aim of this Chapter is to study the effects of different aspects of the semi- 
rigidity of the connections on space structure behaviour. First of all, the effects of 
semi-rigid connections on single layer grid domes with different span to rise ratios are 
studied. In the second section, the effects of the axial force-displacement behaviour of 
a space structure jointing system on two foldable domes are investigated. In the next 
section, the effects of axial force-bending moment interaction on a space structure are 
examined. Finally, a preliminary study of the effects of proportional and non- 
proportional loadings on semi-rigidly jointed space structures is presented. 
6-2 Effects of Semi-rigid Connections on Single Layer Grid Domes 
In order to assess the effects of connection semi-rigidity on space structure behaviour, 
a grid dome with different ratios of span to rise has been studied. In all the models, the 
span is 7200 mm. The model is composed of 90 steel members. The ratios of span to 
237 
rise are 25,20,15,12.5,10,8,6 and 4. The members are tubular with a diameter of 
30 mm and a thickness of 1.6 mm. The slenderness ratio, L/r, of the elements is about 
120, where L is the element length and r is the radius of gyration of the cross-section. 
The dome is supported at all the boundary nodes. A perspective view and an elevation 
of the dome are shown in Figure 6-1. 
ional 
ing 
Rý 
S 
Figure 6-1: Plan view and elevation of the single layer grid dome where S and R are 
the span and rise, respectively 
The semi-rigidity of the connections is modelled using rotational springs, as shown in 
Figure 6-1. Figure 6-2 shows the moment-rotation curves that are used for the 
rotational springs. These curves are designated as Co to C5. Among these curves Co 
and Cs simulate pinned and rigidly jointed connection behaviour, respectively. 
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Figure 6-2: Moment-rotation curves 
Three types of analyses were performed, namely, 
1. non-linear static analysis with increasing concentrated load at all the internal joints 
of the domes, 
2. non-linear static analysis with loading of a third of the limit point loading of the 
corresponding pin jointed case and 
3. natural frequency analysis. 
Table 6-1 shows the notation for the analyses. For each of eight different ratios of span 
to rise, six analyses were performed. These six analyses involved different connection 
semi-rigidities. Every analysis is designated as gdij. 
Where 
" gd designates a grid dome, 
"i is used as a code for the ratio of the span to rise, that is, 1 for S/R=25 and 8 for 
S/R=4 and 
"j is used to show the degree of semi-rigidity, where p is for pin, r is for rigid and 1 
to 4 are for C1 to C4. 
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Table 6-1 The notation for the analyses 
Grid S/R 
Dome 25 20 15 12.5 10 8 6 4 
Co gdlp gd2p gd3p d4 gd5p gd6p gd7p gd8p 
C1 gdll gd2l gd3l gd4l gd51 gd6l gd7l gd8l 
C2 gd12 gd22 gd32 gd42 gd52 gd62 dg72 gd82 
C3 gdl3 gd23 gd33 gd43 gd53 gd63 gd73 gd83 
C4 gdl4 gd24 gd34 gd44 gd54 gd64 gd74 gd84 
Cs gdlr gd2r gd3r gd4r gd5r gd6r gd7r gd8r 
Non-linear static analysis provided the load-displacement curves for the central points 
of the domes. Figure 6-3 shows the load-displacement curves for domes with different 
ratios of span to rise. The figure indicates that the more shallow a dome, the more 
sensitive it will be to the degree of semi-rigidity. The sensitivity of a structure to the 
semi-rigidity of the connections depends on the internal force pattern in the structure. 
For `bulgy' domes, before the limit point, the force pattern involves more axial force 
than bending moment and the rotations at the connections are relatively small. Figure 
6-3h shows the load-displacement curves for the bulgiest dome in the study. It 
indicates that the behaviour is almost the same for different connection semi-rigidities. 
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In the second set of analyses, non-linear static analyses were performed for all the 
domes with a third of the limit point load of the corresponding pin jointed dome. The 
values of the maximum axial force, bending moment and displacement in the domes are 
used to study the variations of these values with respect to the stiffness ratio. The 
stiffness ratio is defined as 
k, 
EIIL 
where 
" k, is the initial stiffness of the connections 
" E, I and L are the modulus of elasticity, second moment of area of the cross-section 
and the length of the beams. 
Figure 6-4 shows the variation of the normalised maximum axial force with respect to 
the stiffness ratio. From the figure the following points can be deduced. 
" The sensitivity of domes to semi-rigidity is related directly to the ratio of span to 
rise, that is, the most sensitive structure is the most shallow one. 
" The variation of the axial force with respect to the connection rigidity for the domes 
that are sensitive to semi-rigidity of the connections is considerable. 
" The variation of the axial force is small for less sensitive domes with respect to the 
connection semi-rigidity. 
" The variation of the axial force for a dome is related inversely to the level of 
connection semi-rigidities, that is the maximum axial force corresponding to the pin 
jointed case. 
Figure 6-5 illustrates the variation of normalised maximum bending moment with 
respect to the stiffness ratio. The important point from this figure is that the variation 
of bending moment with respect to connection rigidity is independent of the structural 
form. In other words, the bending moment is related to the connection rigidity only. 
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Figure 6-6 represents the variation of the normalised displacement of the central node 
with respect to the stiffness ratio. This figure indicates that the variation of 
displacement with respect to the connection rigidity depends on the structural 
sensitivity to the connection deformability. 
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Figure 6-7 represents the results of natural frequency analyses for the domes. In this 
figure the variation of the normalised first natural frequency is plotted against the 
stiffness ratio. Here, normalisation is carried out based on the first natural frequency of 
the corresponding rigidly jointed dome. From study of the natural frequency analyses 
and Figure 6-7 the following points can be made. 
" The results of natural frequency analysis are more sensitive to connection rigidity 
than those from static analysis. 
" The sensitivity of the natural frequency of the domes to connection rigidity is 
directly related to the ratio of span to rise. 
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Figure 6-6: Variation of normalised displacement of central node 
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" It was found that the shape of the first vibration mode of the dome with S/R=25 
were substantially different for the pin and rigidly jointed cases, while for the dome 
with S/R=4 the mode shapes were nearly the same. 
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6-3 Effects of Axial Force-Displacement Behaviour of Connections on 
Performance of Two Foldable Domes 
The behaviour of a connection in a space structure is not always bending dominated. In 
a number of space structure families such as double layer grids, domes with high rise to 
span ratios and towers, the behaviour is dominated by axial force. This differs from 
conventional framed structures where behaviour is mainly governed by bending. 
Therefore, an important role of the connections in space structures is to transfer axial 
forces. There are different possible ways for connecting individual elements together. 
These connection possibilities depend on the type of structure, the element cross- 
section and the jointing system. 
When the individual components of a connection are flexible, the axial deformation of 
these components can be considerable. The connection deformation may then have 
significant effects on the response of the structure. The constitutive relationship curve 
for the axial force-displacement of a connection has two important characteristics, 
namely, 
9 initial stiffness and 
" ultimate strength. 
The magnitude of these two characteristics governs the behaviour of the structure in 
two different limit states, that is serviceability and ultimate limit states. In the ultimate 
limit state, these two characteristics can be important and should be considered in the 
modelling of the structure. 
In most cases the axial rigidity of a connection is higher than that of its attached 
elements. For example, this is confirmed to experimental investigation of the axial 
stifthess of the TM jointing system [108]. The results indicate that the axial 
deformation of the TM jointing system is about 2.5% and 5.6% of the member axial 
deformation for compressive and tensile load, respectively [42]. However, there are 
some instances where the axial deformation of the connections has a significant effect 
on the member axial deformation and consequently on the behaviour of the structure . 
An example of this is a connection that is utilised in a foldable system and the details 
are given in the sequence. 
246 
The object of this section is to study the effects of the axial deformability of a 
connection on two foldable structures. A foldable structure is an assembly of elements 
that is capable of being folded into a bundle, an umbrella being a typical example. 
Attempts to design and construct foldable structures were first made by Pinero [114]. 
A characteristic of a foldable structure is that it behaves as a mechanism during 
deployment and requires the inclusion of additional elements in order to behave in a 
stable manner in the deployed position. One type of basic structural unit for a foldable 
structure is a scissors like element which is referred to as a duplet, as shown in Figure 
6-8. A duplet consists of two uniplets (rods) connected at an intermediate point 
through a pivotal connection and hinged at the four end points to end nodes of other 
duplets. 
Uniplet 
Hinge 
Figure 6-8: A typical duplet 
A connection in a foldable structure may connect several cables and uniplets together 
while providing the kinematic freedom that each member requires. It should be 
lightweight in order to satisfy structural requirements. Although it is possible to use 
lightweight and high quality materials for the connections, economical conditions 
sometime prevent this. 
What follows is a study of two foldable domes in which the axial deformability of the 
connections has been found to have a significant effect on performance. 
6-3-1 Problem Definition 
In order to assess the behaviour of the two foldable dome structures exposed to wind 
loading, a numerical investigation together with experimental tests on members and 
nodes were conducted by the author as a member of a team working on the project 
[110]. 
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Two 15x15 and 25x25 foot foldable dome structures were fabricated from a series of 
aluminium alloy 6061-T8 tube and thin steel cables. Figures 6-9 And 6-10 show 
perspective views of these domes. Six photographs of the 25x25 foot foldable dome 
are shown in Figure 6-11. The foldable domes consisted of two sizes of duplets, the 
internal duplets were fabricated from 19 mm diameter, 1.22 mm thick aluminium alloy 
tubes and the external duplets from 25 mm diameter, 1.5 mm thick tubes. For the 
bracing of the duplet elements, K shaped cable arrangements were used. In order to 
stabilise the duplets and consequently the foldable configuration, two struts were used 
that were connected to the nodes and could be locked together. Figures 6-12 and 6-13 
show the schematic representation of the two types of duplets used, namely, 
rectangular and trapezoidal duplets. These two types of duplets were used in both 
domes. The dimensions of both duplets are shown in Figure 6-14 (all dimensions are in 
millimetres). 
Figures 6-15 and 6-16 show the configurations of the two folding dome structures. In 
Figures 6-15 and 6-16 the positions of the trapezoidal and rectangular duplets are 
shown. In these figures t and r are used to refer to trapezoidal and rectangular dulplets, 
respectively. 
6-3-2 Joint Assemblies 
A joint connects several bars together while providing the kinematic freedom that each 
member requires. Figure 6-17a shows the details of an end connector of a uniplet 
element. An inserted plastic end cap in the aluminium alloy tubular member (uniplet) is 
connected with a pin. The pin also passes through a steel plate which is situated inside 
the end cap. The steel plate has two holes, one inside and one outside. An open steel 
ring which is located inside the node goes through the outside hole through which the 
uniplet element is connected to the joint. The joint assembly for the domes is shown in 
Figures 6-17b. A photograph of the joint assembly in the deformed state is shown in 
Figure 6-18. 
248 
6-3-3 Element Behaviour 
Behaviour of the tube elements in compression and tension, with and without end 
connectors, was obtained from tests. Here, `end connector' refers to the end cap and 
the steel plate without considering the open steel ring inside the node. Because of the 
need for end gripping and aligning of the members, it was not possible to include the 
open steel ring in the tests. The behaviour of the cable elements with and without the 
joint assembly was obtained from tension tests. In these tests the effects of the open 
steel ring were included. 
6-3-4 Tension Test of Uniplet 
Figures 6-19a and 6-19b show the load-extension behaviour obtained from a 25 mm 
diameter aluminium alloy tube tested in tension, with and without an end connector. 
Comparison of Figures 6-19a and 6-19b shows that the end connector of the duplet 
element has considerably decreased the tensile strength of the uniplet. The end 
connector causes the ultimate capacity of the uniplet to decrease by ten times and 
simultaneously the axial deformation to be increased significantly. 
Figure 6-20 shows the load-extension behaviour obtained from a 19 mm diameter 
aluminium alloy tube tested in tension with the end connector. In this case also, failure 
occurred at the end connector. During the loading sequence the pin inside the tube 
started to bend resulting in large displacement caused by reduction of strength of that 
part. 
249 
/ Cable 
Figure 6-9: Perspective view of the 15x 15 foot foldable dome 
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Figure 6-10: Perspective view of the 25x25 foot foldable dome 
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(a) 
(b) 
Figure 6-11: Photographs of the 25x25 foot foldable dome 
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(d) 
Figure 6-11: Photographs of the 25x25 foot foldable dome 
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Figure 6-11: Photographs of the 25 x25 foot foldable dome 
253 
Uniplet 
Pivot 
Two 
Struts 
Frictional contact 
Figure 6-12: A rectangular duplet which is pinned at each of the four end nodes. 
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Figure 6-13: A trapezoidal duplet which is pinned at each of the four end nodes 
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Figure 6-14: Dimensions of rectangular and trapezoidal duplets 
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Figure 6-17: Jointing system for foldable domes 
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Open steel ring Node 
Figure 6-18: Joint assembly in the deformed state 
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Figure 6-19: Load-extension behaviour obtained from a 25 mm diameter aluminium 
alloy tube tested in tension 
258 
3 
2 
1 
oý 
0 5 10 15 20 
Extension (mm) 
Figure 6-20: Load-Extension behaviour obtained from a 19 mm diameter aluminium 
alloy tube tested in tension with the node assembly 
6-3-5 Compression Test of Uniplet 
In order to obtain the member behaviour in compression, one 25 mm and one 19 nun 
diameter aluminium tubes, together with their end connectors, were tested in 
compression. The load-shortening responses are shown in Figures 6-21a and 6-21b, 
respectively. Initially, both tubes exhibited a reduction in elastic stiffness, due to the 
soft end connector, followed by elastic-plastic buckling. 
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Figure 6-21: Load-shorting responses obtained for aluminium alloy tubes with end 
connector, tested in compression 
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6-3-6 Tension Test of Cable 
Two 1.2 mm diameter steel cables, together with end clamps, were tested to failure in 
tension. This was done to obtain the Young's modulus and ultimate tensile strength of 
the cables, required for structural analysis. Both cable specimens failed suddenly with 
the cable pulling out of one of the end clamps. In Figure 6-22, curve 1 gives the load- 
extension response obtained from one of the cables and shows that the cable assembly 
exhibited an elastic response up to sudden failure. Curve 2 gives the load-extension 
response obtained from one of the cables with the joint assembly and shows a different 
kind of extension behaviour but the same failure load. The additional displacement can 
be due to the joint assembly that contains the end cap of the uniplet and the open steel 
ring. The average values for Young's modulus and the failure load obtained from the 
tests were 190 kN/mm2 and 2.0 kN, respectively. 
2.5 
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0 a 1.0 
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0 
Joint extension 
1- Cable only 
r 
2- Cable+joint 
0 20 40 60 
Extension (mm) 
Figure 6-22: Load-extension behaviour in tension obtained from two 1.2 mm diameter 
steel cables: 1-cable only, 2-cable with end joint assembly 
From Figure 6-22, the joint extension is found to be about 18 mm. The extension of 19 
mm and 25 mm diameter aluminium alloy tubes for the 2 kN load is about 9.6 mm 
(Figures 6-19 and 6-20), where the extensions of the tubes themselves are trivial and 
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the main extensions relate to the behaviour of the end connectors. What may be 
deduced from the comparison of the results of the tension tests of the tubes and the 
cables is that the displacement in the open steel ring is almost equal to the end 
connector displacement. Although accurate estimation of the ring deformation is 
uncertain because of the position of its opening and the degree of tightness of the two 
sides of the node, in the modelling of the elements the displacement of the open steel 
ring was considered to be equal to the end connector displacement. 
6-3-7 Numerical Modelling 
Both foldable domes were modelled using Formian [106]. For importing the data into 
finite element software, a supplementary program was used [26]. The foldable domes 
were analysed using the finite element software ABAQUS. 
For modelling of the duplet elements, each was split up into two uniplet elements 
which in turn were modelled as two connected beam elements. The actual geometrical 
imperfection caused by the pivot which connects the two uniplets was also considered 
in the modelling. This imperfection was about half the diameter of the tube. By 
releasing the bending stiffness at each of the node ends of the uniplets, the end nodes 
were forced to act as pins. Where the two uniplets crossed, at their central pivot point, 
the multi-point constraints (MPC) facility of ABAQUS was used to provide a pin joint 
between the two central nodes. The MPC makes the displacements equal but leaves the 
rotations, if they exist, independent of each other. 
Uniplet elements were modelled as two non-linear general beam section elements 
which are capable of accurately modelling the real member behaviour. The elements 
take into consideration the non-linear axial, shear, bending and rotational behaviour of 
the member. 
Figures 6-23a and 6-23b show the idealised compressive load-strain behaviour for a 19 
mm diameter tube and a 25 mm diameter tube that were used for the modelling of the 
uniplets using a general beam section while Figure 6-24a and 6-24b show 
corresponding tensile results. 
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Figures 6-24a and 6-24b show the idealised tensile load-strain behaviour for a 19 mm 
diameter tube and a 25 mm diameter tube that were used for the modelling of the 
uniplets using beam general section. 
The cable elements used in the analysis were two noded elements capable of carrying 
axial tension only. These elements were modelled using the information obtained from 
their behaviour in tension. 
6-3-8 Model Validation 
In order to validate the numerical finite element model, the 15ft full size dome 
structure was assembled and loaded at a number of nodes, using known loads, Figure 
6-25. The node displacements were then measured. This loading system was used in 
the analysis and all of the theoretical node displacements, resulting from the finite 
element analysis, were found to be less than 12% and greater than 35% of the actual 
measured deflections with and without consideration of the connection effect, 
respectively. Tables 6-2 and 6-3 give the theoretical and measured node displacements 
obtained for the 15 x 15 foldable dome with and without consideration of the axial 
deformability effects of the joint assembly. 
Table 6-2 With axial deformability effects (all values are in milimetre) 
Node numbers 
1 2 3 4 5 
Measured 
displacement 
-15.5 -15 -14.6 -14.6 -14.5 
Theoretical 
Displacement 
-14.32 -13.22 -13.22 -13.26 -13.23 
Error (%) 8 12 9 9 9 
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Table 6-3 Without axial deformability effects (all values are in milimetre) 
Node numbers 
1 2 3 4 5 
Measured 
displacement 
-15.5 -15 -14.6 -14.6 -14.5 
Theoretical 
Displacement 
-10.01 -9.119 -9.125 -9.215 -9.174 
Error (%) 35 39 38 37 37 
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Figure 6-25: Positions of the loading points 
6-3-9 Loading 
The behaviour of both dome structures was studied under wind loading. A wind tunnel 
investigation resulted in two separate loading systems [110]. The load values obtained 
from the wind tunnel tests were for a wind velocity of 22.3 m/sec (50 mph). Figures 6- 
26 and 6-27 show the critical nodal loads resulting from a 50 mph wind speed for the 
15ft and 25ft square structures, respectively. Because of the non-linear behaviour of 
the structure, in the analysis, the loading was applied incrementally. 
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Figure 6-26: Wind loading on the 15ft dome structure (all units are in kN and all 
numbers inside circles show upward loading) 
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Figure 6-27: Wind loading on the 25ft dome structure (all units are in kN and all 
numbers inside circles show upward loading) 
6-3-10 Numerical Results 
In order to investigate the effects of the joints on the collapse behaviour of the domes, 
two full non-linear analyses were undertaken. The analyses took into consideration the 
change in geometry and spread of plasticity in the elements. The first analysis was 
carried out without considering the axial deformabilty of the connections and the 
second carried out allowing for the axial deformabilty of the connections. The 
following results were obtained: 
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2.1 2.1 2.1 2.1 
9 The 25ft dome failed at a load of 20% of the value obtained from the wind tunnel 
test corresponding to a wind velocity of 22.3 m/sec (50 mph) including 
consideration of connection effects. 
" The 25ft dome failed at a load of 40% of the value obtained from the wind tunnel 
test corresponding to a wind velocity of 31 m/sec (70 mph) without connection 
effects. 
" The 15ft dome failed at a load of 12% of the value obtained from the wind tunnel 
test corresponding to a wind velocity of 17.3 m/sec (38 mph) including 
consideration of connection effects. 
" The 15ft dome failed at a load of 22% of the value obtained from the wind tunnel 
test corresponding to a wind velocity of 23.4 m/sec (52 mph) without connection 
effects. 
A summary of the results is shown in Table 6-4. The table gives the ratios of the failure 
loads with respect to the loading values obtained from the tunnel tests and the 
corresponding wind velocities. It can be seen from the results that without considering 
connection deformations, the failure load would have been overestimated by more than 
100%. 
Table 6-4 
Foldable With joint effects Without joint effects 
Dome Ratio of 
failure load 
Wind velocity 
(mph) 
Ratio of failure 
load 
Wind velocity 
(mph) 
25x25 0.2 50 0.4 70 
15x15 0.12 38 0.22 52 
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6-4 Effects of Axial Force-Bending Moment Interaction on Structure Response 
In order to assess the effects of axial force and bending moment interaction on the 
connection behaviour and the response of a structure, a toggle is considered, as shown 
in Figure 6-28. The toggle consists of circular tube elements and semi-rigid 
connections at vertex and supports. The diameter and thickness of the tube elements 
are 60.5 mm and 3.6 mm, respectively. The tube elements are modelled as rigidly 
jointed beam elements and the connections are modelled as separate elements based on 
the newly defined element for the semi-rigid connections as discussed in Section 5-3. A 
concentrated load is applied at the vertex as shown in Figure 6-28. In order to follow 
the non-linear behaviour of the structure under increasing load, the load is applied in 
increments. 
Iý 
T 
193.0 mm 
I 
2588.6 mm 
Figure 6-28: Semi-rigidly jointed toggle 
It is assumed that the moment-rotation behaviour of the semi-rigid connections in the 
toggle, for pure bending, follows the equation 
M=M, x(i+e-2) x(e-I'10C 1-f05)-e-2ý (6-1ý 
where Mu and c taken to be 2218 kN mm and 1.62, respectively. The above equation 
is based on the proposed equation discussed in Section 3-2-1. Based on Equation 6-1, 
the instantaneous stiffness is obtained as the derivative of M with respect to 6, as 
follows: 
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z 
2x10CxýBý+1 
KoxMx 10c xe (6-2) B° (2 x 10c x101+1)x 
This derivative is obtained using the mathematical package MAPLE [93]. 
As discussed in Section 5-3, the moment-rotation behaviour of a semi-rigid connection 
in the presence of axial force is divided into two regions, namely, 
" hardening behaviour, followed by 
" softening behaviour. 
For the hardening behaviour the moment-rotation behaviour is governed by 
ýt =sx (i - f) x m,, x (i + e-2) x (e-11(l0" xi f05) - e-2) (6-3) 
where d is equal to 
d=sl(1-f)° xc (6-4) 
and s is a factor and where f can be found from the formula 
N/ Np 
(6 
(N/NY+M/MU) -5) 
Here, N and M are the axial force and bending moment in the connection, respectively, 
and NY and Mu are the axial force yield capacity and the ultimate moment capacity of 
the joint, respectively. For the hardening part of the moment-rotation behaviour, the 
tangent stiffness KB is estimated from the following formula 
-2 
K= -434- 
s(-1 +f )MMde2ae+l 
(2d0+ 1)2 (6-6) 
For the softening behaviour, the tangent stiffness is estimated from 
_ 
ANxM0 
KB (N / Nr )'x Ny x AO 
(6-7) 
where 
"N is the axial force in the connection, 
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" NY is the axial yield capacity in the connection, 
" (N / Ni )' is the derivative of the limit surface, 
" AN is the incremental axial force and 
"d6 is the incremental rotation. 
Here, it is assumed that the equation of the limit surface has the following form 
M2N2 (ýwu) 
+ Nl =1 (6-8) 
and the locus of the limit points on the moment-rotation surface for a MIERO joint has 
the form 
N/N, 
-1.94x( 
9d =0. I5 X1O N/N, +M/M0 (6-9) 
During non-linear analysis, the tangent stiffness of the connection is found from 
Equation 6-6 provided that 
0 <ed (6-10) 
where 0 is the rotation at the connection or from Equation 6-7 provided that 
0z 9d (6-11) 
Figure 6-29 shows the effect of axial force-bending moment interaction on the load- 
displacement behaviour of the toggle. Figure 6-30 shows the moment-rotation curve 
for simulation of the connection behaviour during analysis. 
The principal conclusions that can be made by considering the results of Figure 6-29 
are: 
" Although the compressive force increases the connection stiffness initially, it has no 
significant effect on the behaviour of the toggle. 
" Significant effects of axial force occur after the limit point. This indicates that the 
kinetic energy after post-buckling behaviour increases, that is, the axial force causes 
the release of more energy after post-buckling and consequently sudden failure of 
the structure. 
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Figure 6-29: Load-displacement curves for the vertex point of the toggle, with and 
without considering the axial force effect 
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Figure 6-30: Moment-rotation curves 
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6-5 Effects of Proportional and Non-proportional Loading on Semi-rigidly 
Jointed Space Structures 
Eurocode 3 states that when elastic-plastic analysis is carried out, it is sufficient, in the 
case of building structures, to apply the loads in a series of increments, stopping when 
the full strength load is reached. It further states that when the global analysis is carried 
out by applying the loads in a series of increments, it may be assumed to be sufficient, 
in the case of frame structures, to adopt simultaneous proportional increases of all the 
loads. 
Chen [24] believes that this approach is over-conservative particularly for flexibly 
connected structures in which the connections on the windward side of a frame tend to 
elastically unload during wind loading. The elastic stiffness of the unloading path is 
much higher than the tangent stiffness of the connections in the loading path. In many 
cases, the design loads may be applied proportionally from zero until the factored load 
is reached. Proportional loading is usually the most severe case for regular frame 
systems compared to the more realistic load case, which is to apply the gravity load 
first followed by the wind load. 
The effects of non-proportional loading on connection behaviour can best be illustrated 
using the simple portal frame shown in Figure 6-31 that firstly is subjected to gravity 
load only. Under the action of the gravity load, the semi-rigid connections at the ends 
of the beam will experience a moment of M on the M-8 curve. Now, if a lateral force is 
applied to the frame, the leeward connection will continue to load but the windward 
connection will unload, as shown in Figure 6-32. In this example the frame was first 
analysed for vertical load on the beam (P1). This load started from zero and, by using 
non-linear analysis, its value reached 100 kN. During the loading, the moment-rotation 
behaviour started from zero and reached the point A. In the next step, the horizontal 
load (P2) was applied. It can be seen from Figure 6-32 that the leeward connection 
continued to load but the windward connection unloaded. As a result, the apparent 
stiffnesses of the connections under the action of the lateral force were different. 
Depending on the magnitude of M and the characteristics of the M-6 curve of a 
particular connection, the difference in stiffness of the two connections may be quite 
substantial. For the extreme case, when the moment resulting from the gravity load 
equals the ultimate moment capacity of the connections, the leeward connection will 
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behave virtually like a pin connection with a nearly constant ultimate moment capacity, 
whereas the windward connection will respond like a linear elastic connection with a 
stiffness equal to its initial stiffness. These loading and unloading characteristics of the 
connection must be properly modelled in order to predict the response of the structure 
reliably. 
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Figure 6-31: Simple portal frame with semi-rigid joints 
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Figure 6-32: Moment-rotation response of windward and leeward connections 
during loading 
To this end, a preliminary study of the effects of proportional and non-proportional 
loading on a simple dome was carried out, as shown in Figure 6-33. The dome is 
Leeward 
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sensitive to the semi-rigidity of the connections and consists of 18 beam elements that 
are connected together with semi-rigid connections. The loading consisted of a vertical 
load at the central node and three horizontal loads as shown in Figure 6-33. To 
represent proportional and non-proportional loading, two types of analysis were 
performed, namely, 
" adopting simultaneous proportional increases for all the loads and 
" applying the vertical load first followed by the horizontal loads. 
The results of analyses show no significant differences in the dome behaviour under the 
two types of loadings, as shown in Figure 6-34. In fact, the following conditions 
should be satisfied simultaneously for the effects of the sequence of loading to be 
significant. 
" The structure should be sensitive to the semi-rigidity of the connections. 
" The structure should be sensitive to the changes of stiffnesses of the connections. 
" The effects of the connections on the non-linear behaviour of the structure should 
be significant. 
" The connections should undergo considerable rotation as well as carrying a bending 
moment near the ultimate strength of the connection. 
" The proportion of the connections undergoing large deformation and also unloading 
should be significant. 
Otherwise there will not be much difference between proportional and non- 
proportional loading in the static analysis of space structures. 
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Figure 6-33: Dome configuration and loading points 
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Figure 6-34: Load-displacement curves for central node for proportional and non- 
proportional loadings 
6-6 Concluding Remarks and Discussion 
In this chapter, the effects of different aspects of connection semi-rigidity on space 
structure behaviour have been studied. In Section 6-1, the effects of semi-rigid 
connections on single layer grid domes were studied. The following comments can be 
made based on the results of static non-linear analyses and natural frequency analyses. 
" The behaviour of a semi-rigidly jointed space structure is between the extremes of 
absolute rigidity and absolute flexibility provided that the semi-rigidity of the 
connections is due to flexural deformability. 
" The laws of variation of internal forces and displacements depend on the sensitivity 
of the structure to the semi-rigidity of the connections. 
" Shallow domes are more sensitive to semi-rigidity of connections with flexural 
deformability. 
" The natural frequencies of a structure, in particular the fundamental natural 
frequency, are more sensitive to the degree of semi-rigidity of the connections than 
the internal forces and displacements obtained from static analysis. 
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The effects of the axial deformability of the connections on two foldable dome 
structures were investigated in Section 6-2. The force-deformation characteristics of 
the connections were included in the analyses. The behaviour of the tube elements as 
well as the cable elements were incorporated in the non-linear analyses. In order to 
validate the numerical finite element model, a 15x15 foot full size dome structure was 
assembled and loaded, at certain nodes. The numerical results show that, allowing for 
connection deformation in the analytical model, the differences between the 
experimental and analytical results are about 10%. These differences are small in 
comparison with results obtained without allowing for connection effects where the 
differences between experimental and analytical results are about 35%. 
In order to investigate the effects of the joints on the collapse behaviour of both 
domes, two full non-linear analyses were undertaken. Three main conclusions can be 
drawn from this part of the study. 
1. In the modelling of the connection behaviour in structural analysis, not only the 
flexural deformations may have significant effects on the structural behaviour but 
also the axial deformations could have important effects on the performance. 
2. In contrast to the case of the semi-rigid connections with flexural deformability, the 
lower limit of the behaviour for a structure with semi-rigid connections with axial 
deformability is not deterministic. As a consequence, the axial deformability may 
decrease the capacity of the semi-rigidly jointed structure significantly. 
3. Ignoring the effects of connections on the structural performance, has two 
important consequences, namely, 
" the safety margin may be violated and/or 
" the structure may not lend itself to economical design. 
The required safety margin can be obtained provided that the effects of the connections 
are taken into account in the analysis. Improving the connection characteristics gives 
rise to a better use of the other structural elements and consequently cost-effectiveness 
in structural design. An example of this is shown for the foldable domes discussed in 
Section 6-2. It was seen that by improving the connection performance, the ultimate 
load capacity of the domes has been increased by more than 100%. In fact, severe axial 
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deformabilty of the connections was responsible for the other elements not being 
utilised fully. 
In Section 6-3, the effects of the axial force-bending moment interaction on the 
behaviour of a toggle were investigated. It was found that, although compressive force 
increases the connection stiffness initially, it has no significant effect on the behaviour 
of the toggle. Significant effects of axial force occur after the limit point. This indicates 
that the kinetic energy after post-buckling increases, that is the axial force causes the 
release of more energy after post-buckling and consequently it increases the probability 
of sudden failure of the structure. 
A preliminary study of the effects of proportional and non-proportional loading on 
semi-rigidly jointed space structures is discussed in Section 6-4. All structures 
encountered in practice are non-linear to some degree, the non-linearity being 
dependent upon many factors such as configuration, material properties, excitation, 
levels and types of loading condition and so on. The non-linearities can occur in a 
global or a local sense. For example material and geometric non-linearities (global) and 
joint between substructures (local) are often characterised in term of dissipative 
(damping) and/or non-dissipative (stiffness) properties [139]. Although the behaviour 
of most semi-rigid connections is non-linear from onset of loading, the source of non- 
linearity in the structural response is not only related to the semi-rigid connections. In 
general, if the contribution of semi-rigid connections to structural non-linearity is not 
significant, the effects of proportional and non-proportional loading on semi-rigidly 
jointed space structures is insignificant. Normally, in non-proportional loading, a 
number of connections are involved in elastic unloading. However, this unloading 
phenomenon is absent in the case of proportional loading. It turns out that the 
necessity of considering non-proportional loading depends on the nature of elastic 
unloading. If the unloading is non-linear, then there would be a significant difference 
between the results of proportional and non-proportional loading. Otherwise the 
difference may be marginal. 
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CHAPTER 7 
JOINT UNCERTAINTIES 
7-1 Introduction 
The main objective of this chapter is to discuss the sources of uncertainties in relation 
to connections and their effects on structural performance. Uncertainties in the 
behaviour of complicated parts of a structure, such as connections, are considerable 
and frequently much greater than those in structural elements, even in the laboratory. 
There are several reasons why connection behaviour is uncertain. The uncertainty in 
the connection behaviour is mainly due to 
" geometric complexity, 
" presence of different material properties in the connection configuration, 
" presence of contact surfaces and discontinuities, 
" coupling effects between forces and moments and 
" human error during construction and assembling. 
There is greater geometric complexity within a connection compared with other 
structural components. Generally, a connection consists of a number of pieces that are 
connected together with bolts and/or welds. These pieces may have different materials 
from high tensile steel to mild steel or even other materials such as aluminium and 
synthetic materials. In the case of the connections that incorporate bolts, discontinuity 
will be inevitable between the connecting parts. The mechanism of load transfer at 
these discontinuities is complex and the presence of gaps and prestressing will give rise 
to more complexity. 
In general, there are two major sources of uncertainty in the joints: 
" uncertainties associated with the representation of the joint model and 
9 uncertainties associated with quantifying its behaviour. 
279 
Uncertainties associated with the representation of the connection model can be a very 
important issue. Connections may be modelled as rotational springs at the ends of their 
attached elements or, as discussed in section 3-6-2, they may be modelled as spring, 
beam, mechanical or general model. Selection of an appropriate model depends on a 
good understanding of the behaviour of the connection. However, this judgement is 
subjective and is accompanied by some degree of uncertainty. 
Normally, the contribution of a connection in the structural analysis is considered by 
using a moment-rotation curve. More often than not, this curve is obtained from tests 
on simple models. However, information on the real behaviour of connections, in 
contrast with that under laboratory conditions, is scarce. Therefore, the moment- 
rotation curve obtained from the tests conducted under laboratory conditions will not 
accurately reflect the actual behaviour of the connection in real-life situations. 
There are some doubts about assigning a fixed moment-rotation characteristic obtained 
from experimental data to a connection. Two main reasons for this doubt are 
significant in space structure jointing systems and have been studied by the author. 
They are 
" interaction between forces and moments and 
" degree of connection tightness. 
The first is related to knowledge and the second to human error. However, both of 
these give rise to uncertainty in the prediction of structural behaviour. 
7-2 Uncertainty due to Interaction Between Forces and Moments 
To characterise the connection behaviour it is usual to perform a series of tests using 
different arrangements such as cantilevers, cruciforms and simply supported beams 
with a specified loading condition. In reality the connection is a part of the structure 
and is subject to a complicated combination of forces and moments. Therefore, 
assigning a fixed moment-rotation curve to a connection is questionable. Experimental 
studies show that the behaviour of connections is sensitive to the interaction between 
forces and moments. In order to study this uncertainty, more experimental work and 
numerical simulations are necessary to obtain the range of variations of connection 
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characteristics. More information would enable upper and lower bounds to be 
determined to the magnitudes of uncertainties. In general, determining upper and lower 
bounds facilitates uncertainty analysis. 
7-3 Uncertainty due to Degree of Connection Tightness 
In a space structure, bolted connections are tightened with a spanner. Using a torque- 
meter it is possible to control the degree of tightness which otherwise would not be 
achieved. Experimental studies show that the degree of tightness has a significant 
effect on the connection behaviour. To elaborate, a number of tests were conducted by 
the author on the MERO jointing system shown in Figure 7-1. 
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Figure 7-1: MERO jointing system 
A test set up for evaluating the effects of the degree of tightness on the connection 
behaviour was designed and assembled in the laboratory. Four models were used for 
the test. Each model was a cantilever beam connected to the support with a MERO 
joint. The beam was a tubular element with a diameter of 60.5 mm and a thickness of 
1.6 mm. For estimating the initial stiffness of the connection from natural frequency 
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measurement, as described in section 3-6, the hammer test was used as shown in 
Figure 7-2. 
Tube 
LV DT 
1000 mm 10 
Figure 7-2: A cantilever beam connected to the support by a MERO joint 
The models tested were identical in every respect except for the degree of tightness of 
the sleeves in the connections. The time-signal responses were obtained using a high 
speed data logger. Figure 7-3 shows the time signal responses for the four tests. 
In all the tests, the sleeve was tightened by an adjustable spanner of length 30 cm. 
Although better control on tightness could be obtained by applying a pre-determined 
torque to the bolts using a torque wrench, different degrees of tightness were obtained 
by the author using ordinary hand tools in order to be able to determine upper and 
lower bounds for the magnitude of the uncertainties. 
In the first test (Figure 7-3 a) the sleeve was tightened as much as possible. This is 
termed `very tight'. In the second test (Figure 7-3b) the sleeve was tightened normally, 
but without exerting extra effort. This is designated `tight'. In the third and fourth tests 
there was some looseness in the sleeves. These are referred to as loose and very loose, 
respectively, as shown in Figures 7-3c and 7-3d 
After using Fast Fourier Transformation (FFT), the fundamental natural frequency for 
each of the tests was obtained. Then using the genetic algorithm, as described in 
section 3-6, the rotational stiffness of the connection was estimated. The results 
indicate that, depending on the connection tightness, the initial stiffness of the 
connection will be in the range 15-150 (kNxm). 
The results of these tests indicate that the initial stiffness of the connection can be 
bounded between two limits. In other words, the initial stiffness of the connection will 
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lie between c, and c,,, lower-bound and upper-bound, respectively. c, and c., specify 
the connection characteristics. 
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Figure 7-3: Time-signal response of tested MERO jointing system with different 
degrees of tightness: (a) very tight, (b) tight, (c) loose and (d) very loose 
In general, when a variable c is bounded between two limits (c, and c), the uncertainty 
for the variable can be categorised into three types [37], namely 
" uncertainty as interval numbers, 
" uncertainty as fuzzy numbers and 
" uncertainty as random numbers. 
-200 
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An interval representation of uncertainty implies that it is possible for any number to be 
within the interval but impossible for one to be outside. Uncertainty as a fuzzy number 
implies that there is no rigid boundary between values that are and are not possible. In 
other words, the transition from possible to impossible (or membership to non- 
membership) is gradual rather than abrupt. Uncertainty as a random number implies 
that the distribution of any number between a lower bound and an upper bound is 
based on probability. 
Simple controlling techniques for tightness result in an initial stiffness close to a value 
such as c, where c1 is between c, and cu. However, other values for initial stiffness 
are possible with different degrees of possibility. This confirms that the uncertainty in 
the connection behaviour is not of the interval type, (Figure 7-4a), or that the 
possibility for a number to be between two limits (c, and cu) is not equal. Therefore, 
the uncertainty in connection stiffness can be described in terms of a trapezoidal form 
as shown in Figure 7-4b. This indicates that the transition from membership (degree of 
belongingness) to non-membership is gradual rather than abrupt. Figure 7-4 µ(c) 
indicates the degree of belongingness (or possibility). 
u(C) 
1.0 
0.0 
u(c) 
1.0 
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Figures 7-4: Bounds of variations of connection characteristic based on tightness of 
bolt 
7-4 Analysis of Joint Uncertainties on Structure Behaviour 
In general, depending on the nature of uncertainty present in an engineering problem, 
three approach can be used for its analysis [38,120], namely 
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" probability and random process, 
" anti-optimisation approach and 
" fuzzy theory. 
If the model variables involving uncertainties are treated as random variables with 
known probability distributions, the performance or output of the model can be 
determined using the theory of probability and random processes. The term `model' in 
this section is used to refer to a mathematical model of a structure. If only fragmentary 
information on the uncertainties is available, it is possible to establish an upper bound 
on the maximum response of the structure using the anti-optimisation approach. In 
other words, if the upper bound on the maximum response of the structure is not in 
accord with the bounds of the model variable then the anti-optimisation technique is 
used to find the value of the model variable between its lower and upper bound in such 
a way as to give rise to the upper bound of the response of the structure. On the other 
hand, if the model variables are described in descriptive or imprecise terms, fuzzy 
theory can be used to predict the response. 
In order to appraise the effects of joint uncertainties on structural performance, the 
type of uncertainties should first be determined. Experience and experimental work 
indicate that the uncertainties in space structure jointing systems can be classified into 
two categories. 
" Connection behaviour can be bounded between two limits or mathematically 
CE 
[cl, 
C., (7-i) 
where c is the connection characteristic and cj and c are the lower and upper 
bounds, respectively. 
" The position and the number of connections with lower and upper bound values in 
the structure configuration are random rather than deterministic and it can be 
studied based on the probability theory. 
Considering these two types of uncertainties, what follows shows how the connection 
uncertainty can bound the structure behaviour between two limits. A large number of 
analytical results obtained by the author show that the variations of limit bounds of the 
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response of the structure are in accord with the connection characteristic bounds. 
Therefore, for studying the effects of joint uncertainties on structural behaviour, it is 
possible to perform a number of analyses with different values for c (c,, c, and c. ) 
and to find the range of variation of behaviour. It is worth considering the fact that the 
possibility of any value being between c, and cu for the connection characteristic is not 
equal. In fact, the degree of belongingness (or degree of possibility) for the interval 
values is fuzzy rather than crisp [17,30,152]. In this chapter the fuzzyness in the 
connection behaviour has not been studied and it was assumed that the possibilities for 
any value to be between intervals is equal. 
On the other hand, variation in tightness does not happen for all the joints in a space 
structure at the same time. In fact, it may happen for a percentage of joints in different 
positions and these position will not be deterministic. Therefore, there will be a random 
uncertainty in the joint situation. For considering this type of uncertainty, it is possible 
to select a percentage of connections randomly and assign the desired value to them. 
Although this uncertainty can be characterised in terms of probability distributions, it 
requires a wealth of data on actual performance during construction. 
In order to demonstrate a methodology for analysing joint uncertainties, an example is 
shown in the following section. 
7-5 An Example 
In order to appraise the effect of joint uncertainty on space structure behaviour, a 
shallow single layer grid dome was used for a study. The model is composed of 90 
steel members. The members are connected by the MERO jointing system shown in 
Figure 7-1. The span and rise of the dome are 7200 and 576 millimetre, respectively. 
The members are tubular with a diameter of 30 mm and a thickness of 1.6 mm. The 
dome is supported at six boundary nodes. A perspective view and an elevation of the 
dome are shown in Figures 7-5 and 7-6. 
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Figure 7-5: Perspective view of the single layer grid dome 
The moment-rotation characteristics of the connection were obtained experimentally 
[42] with different degrees of tightness of the connections, as shown in Figure 7-7. The 
initial stiffnesses obtained from these curves are used for the analyses. 
576 mm 
I LVV 111111 
Figure 7-6: Elevation of the single layer grid dome 
From Figure 7-7 the initial stiffnesses for the connections were found as given in Table 
7-1. Non-linear analyses were performed for the dome with rigidly, pin and semi- 
rigidly jointed connections. 
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Figure 7-7: Moment-rotation curves for semi-rigid joints with different degrees of 
tightness [42] 
Figure 7-8 shows the load-displacement curves for different connection conditions. 
The limit points of the curves have been given in Table 7-1. The curves in Figure 7-8 
indicate that the possible response for the dome can lie between two limits, that is 
upper and lower limit responses based on c, and c., respectively. The curves also 
represent the locus of limit points and indicate that the locus is a line. The possible 
response for the dome is shown as the shaded region in Figure 7-9. It should be noted 
that this region is the response region of the dome for the particular loading and the 
exact response is uncertain and belongs to this region. 
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Table 7-1 
Joint type Initial stiffness 
(kNxmm) 
Limit point 
(kN) 
Pinned 0 2.2 
Semi-rigid c, 8333 3.2 
Semi-rigid c, 12500 3.6 
Semi-rigid Cr 35714 4.1 
Rigid 00 4.6 
5 
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Figure 7-8: Load-displacement curves for the single layer grid dome 
1- pin jointed 
2- rigidly jointed 
3- semi-rigidly jointed with initial stiffness c, 
4- semi-rigidly jointed with initial stiffness c, 
5- semi-rigidly jointed with initial stiffness cu 
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Figure 7-9: Load-displacement curves for the single layer grid dome 
1- pin jointed 
2- rigidly jointed 
3- uncertainty region for semi-rigidly jointed response 
As indicated before, the width of this region can be reduced by considering the fact 
that the degree of possibility for looseness in all joints is almost zero. Therefore, 10,25 
or 50 percent of joints were selected randomly and the looseness of the connection 
were assigned to them. To achieve this, a function was developed in the Formian 
environment [106]. This function allows some connections to be randomly selected 
during data generation so that desired values can be assigned to them. 
The results of non-linear analyses for different percentages of randomly chosen 
connections and their assumed looseness are shown in Figures 7-10 and 7-11. The 
results indicate that if a simple technique for controlling connection tightness is 
utilised, the variation of the response of the structure due to uncertainty in the 
behaviour of the connections will not be high. As seen in Figure 7-10,10 and 25 
percent changes in the connection stiffness give rise to almost the same result. This 
indicates that the position of the connection is also important. In other words, the 
effect of each connection on the behaviour does not have equal weight. The sensitivity 
of a structure to the connection stiffness not only depends on the connection position 
but also on the type of loading. 
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Figure 7-10: Load-displacement curves for the single layer grid dome 
1. semi-rigidly jointed with initial stiffness c, 
2. semi-rigidly jointed with initial stiffness c. 
3. 10 percent of randomly chosen connections with initial stiffness c, and the 
rest with c . 
4. 10 percent of randomly chosen connections with initial stiffness c, and the 
rest with c . 
5. 10 percent of randomly chosen connections with initial stiffness c, and the 
rest with c. 
6. 25 percent of randomly chosen connections with initial stiffness c, and the 
rest with c. 
7. 50 percent of randomly chosen connections with initial stiffnessc, and the 
rest with cu 
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Figure 7-11: Load-displacement curves for the single layer grid dome 
1- semi-rigidly jointed with initial stiffness c, 
2- semi-rigidly jointed with initial stiffness c1 
3- semi-rigidly jointed with initial stiffness cw 
4- semi-rigidly jointed: 10 percent of randomly chosen connections with initial 
stiffness c, and the rest with c, 
5- semi-rigidly jointed: 25 percent of randomly chosen connections with initial 
stiffness c, and rest with c, . 
7-6 Concluding Remarks and Discussion 
In this chapter, the sources of uncertainty in relation to connection behaviour have 
been discussed. Two major sources of uncertainties in the connections have been 
identified, namely, 
1. uncertainty associated with the representation of the connection model and 
2. uncertainty associated with quantifying the behaviour. 
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The main emphasis is on the second. Section 7-3 includes an outline of methods of 
analysis. Effects of connection uncertainty on structure performance have been 
considered in two stages. Firstly, it was assumed that the uncertainty in the connection 
characteristics is of the interval type. Secondly, it was assumed that the distribution of 
the connection uncertainty in the structure is random rather than deterministic. These 
two type of uncertainty were considered in the analyses. Finally the effects of 
connection tightness on a single layer grid dome were studied. 
From this study the following points can be concluded. 
9 The first step in studying the uncertainties associated with joints on the performance 
of a structure is be bound the joint characteristics between two limits. 
" The study shows that the variation of limit bounds of the response of the structure 
is in accord with the connection characteristic bounds. 
" The study shows that the prediction of the behaviour of a dome in the presence of 
uncertainties in the connection behaviour gives rise to a region of uncertainty rather 
than a fixed result. 
" The study shows that all the connections in a structure do not have identical effects 
on the performance of the structure. The effect of uncertainties in critical 
connections can be more severe. Critical connections are connections that undergo 
more deformation during the loading process and any weaknesses in these 
connections may lead to dramatic changes in the behaviour of the structure. Further 
studies need to be carried out to study the effects of uncertainties of critical 
connections on structure performance. 
" Uncertainties in connection characteristics are fuzzy. Further studies need to be 
carried out to explore this further. 
" Study of the uncertainties in connection representation and performance gives 
information on how sources of uncertainty in connection characteristics can be 
reduced. 
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CHAPTER 8 
CONNECTION CLASSIFICATION 
8-1 Introduction 
A crucial consideration in the analysis of space structures is the decision of how the 
connections are to be modelled. This depends on the configuration and dimensions of 
the structure to be analysed as well as the material and the type of connections 
employed. Analytical models for a connection are normally considered to be of three 
types, namely: 
1. pinned, 
2. rigid and 
3. semi-rigid . 
The first two categories are currently used in most analyses and design procedures, and 
the actual behaviour of connections, really semi-rigid, is seldom considered in analyses. 
Idealisation of connection behaviour as perfectly pinned or fully rigid is only strictly 
applicable for a small range of practical connections. 
In general, classification of a connection into one of the three categories must take into 
account the connection's role in the structure's performance. Any classification system 
which is only based on the behaviour of the isolated connection itself is not acceptable. 
A connection may be considered pinned or rigid for the service load level and semi- 
rigid for ultimate load. Also the connection may be considered pinned in a double-layer 
grid but semi-rigid in a shallow dome. 
A number of attempts for connection classification have been reported and among 
these two classification systems have received more attention. 
" Classification system in Eurocode 3 [40] 
" Classification system by Bjorhovde et al [15]. 
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These two classification systems have been developed for beam-to-column 
connections. The classification system by Bjorhovde is intended for the case where 
prior knowledge of the member details is not available. On the other hand, Eurocode 3 
proposes a classification system which is based on the load carrying capacity of the 
frames. Bjorhovde's classification system also specifies the required rotation capacity 
of a connection, but this is not considered in Eurocode 3. 
Analytical evaluations of the Eurocode 3 classification on the beam-to-column 
connections in steel construction have been studied by Kishi et al [77] and Goto et al 
[56]. Goto found that the Eurocode 3 requirement for the connection to be rigid may 
be rather strict in terms of the load carrying capacity of frames. On the other hand, 
Kishi found that Eurocode 3 provides a suitable classification for ultimate strength 
check but is not adequate for drift check. 
In order to appraise the two classification systems for a space structure jointing 
system, a parameteric study has been carried out by the author on the effects of 
connections on compression member behaviour. The present work also includes a 
proposal for the classification of connections, described in section 8-3. 
8-2 Compression Member Behaviour: A Parametric Study 
Double-layer grids are one of the most frequently used form of space structure capable 
of providing large column free areas, required for a diverse range of activities. In these 
structures where the members are primarily axially loaded, failure is directly controlled 
by both the member and the joint characteristics. Consequently the collapse of double- 
layer grids can involve both yield and plastic flow of tension members and, more 
importantly, instability and buckling of compression members. 
Usually the collapse behaviour of double-layer grids is controlled by the stability 
characteristics of the compression members and this behaviour, in addition to the grid 
configuration and support conditions, can determine whether the complete structural 
response after first yield will be ductile or brittle. Consequently, to determine the 
collapse load of a double-layer grid it is necessary to trace, using a step by step 
approach, the behaviour of the entire structure under the action of increasing applied 
load. This will necessitate accurate numerical modelling of both the post-buckled 
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behaviour of the compression members and the post-yield characteristics of the tension 
members. The member behaviour can be obtained either experimentally or analytically. 
Finite element descriptions of member behaviour have been shown to give good 
agreement with experimental behaviour. Thus, the finite element method is used to 
evaluate compression behaviour of the members. In order to study the effects of the 
connection's semi-rigidity on the compression member behaviour, three members with 
pinned, rigid and semi-rigid supports were considered, as shown in Figure 8-1. 
(a) (b) (c) 
Figure 8-1: (a) Pin jointed column (b) Rigidly jointed column (c) Semi-rigidly jointed 
column 
In all these models a tubular cross section with an external diameter of 60.3 mm and a 
wall thickness of 3.6 mm was chosen. Also, for evaluating the effects of the 
slenderness ratio of the compression member on the load-displacement behaviour, five 
different slenderness ratios L/r were chosen, namely 40,60,80,100 and 120, where L 
is the member length and r is the radius of gyration of the cross-section. The 
corresponding lengths of the members were 808.8 mm, 1213.2 mm, 1617.5 mm, 2022 
mm and 2426.4 mm, respectively. The yield stress of the material was taken to be 0.23 
kN/mm2. In order to apply an initial bow to the members as an initial imperfection, 
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three different values for the maximum amplitude of imperfection 8 at mid-length of 
the member were considered, namely, 0.0001 xL, 0.0005 xL and 0.001 xL. 
The moment-rotation behaviour for semi-rigid joints can be represented by curves of 
the type shown in Figure 8-2. These curves cover a wide range of connection 
behaviour from pin joint to rigid joint and can be obtained from the equation: 
-1/(10 
cx 10 x+0.5) 
M=Mu x(1+e-2)x(e -e-2) (8-1) 
In this equation, which was explained in section 3-3-2, c is the connection parameter 
which is considered to be between 0.0 and 2.4. Mu is the ultimate moment capacity of 
the connection and is considered to be equal to the plastic moment capacity of the 
tubular cross-section , that 
is, MP=2538.54 kNxmm. 
1.0 
0.8 
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Figure 8-2 
4 
0 
6 
2 
8 
4 
.o 
In the finite element modelling of a compression member, in order to obtain accurate 
and reliable results, each member should be divided into a number of elements. It has 
been found for this problem that ten elements for each member will give good 
accuracy. The following assumptions have also been made. 
" The member is initially free from stress. 
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" The member deflection is in the plane of the cross-sectional symmetry and occurs 
without any twisting. 
" The member undergoes no local instability. This was achieved by satisfying the 
compact section requirement for a tubular cross section, that is, d/t 5 50x82 in 
which d is the external diameter of the tube, t is the wall thickness of the tube and 
here fy is the yield stress and is equal to 230 N/mm2 [40]. 
PFKY 
w 
" The member is a one-dimensional continuum of elastic perfectly plastic ductile 
material. 
Figures 8-4 to 8-13 show the load-displacement responses of the compression 
members with slenderness ratios of 40,60,80,100 and 120. In these figures the term 
displacement implies the axial deformation of the compression member during loading 
which is the sum of the deformation due to direct stress and member flexure, as shown 
in Figure 8-3. 
displacement 
---º ........ ---"----------. _: _ .. Load 
Figure 8-3 
The following conclusions can be deduced from the results. 
9 The effect of the connections in pre-buckling behaviour is unimportant. This means 
that connection behaviour has no significant effect on serviceability design. 
" The most important effects of the connections on the member behaviour are in the 
buckling and post buckling behaviour. 
" The more slender the member, the more significant is the effect of the connection. 
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" By increasing the initial imperfection, the connection effect becomes more 
pronounced. 
9 The increase of the buckling load due to the semi-rigidity of the connection is much 
smaller for a stockier member (A, <_60) than for a more slender member (?, 100). 
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Figure 8-12: Load-Displacement curves for L/r=100 and 8=0.0001L 
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8-3 Classification of Connections According to Eurocode 3 and Bjorhovde 
Eurocode 3 and Bjorhovde classification systems have been developed for beam-to- 
column connections and are based on the moment-rotation behaviour of the 
connections. The proposed classification systems of Eurocode 3 and Bjorhovde use 
moment-rotation characteristics as a basis for classification by both moment resistance 
and rotational stiffness. In this context, the moment resistance M. represents the 
ultimate moment capacity of the connection and the rotational stiffness of the 
connection Rk, is the tangent stiffness of the connection obtained from the moment- 
rotation curve. 
8-3-1 Classification System by Eurocode 3 
Eurocode 3 states that connections may be classified 
" by rigidity (stiffness, Rk) or 
" by strength (moment resistance, M). 
The rotational stiffness of a beam-to-column connection Rk; may be classified as 
" nominally pinned, 
" rigid and 
" semi-rigid. 
In order to classify beam-to-column connections, the moment-rotation curve of the 
connection is plotted in a non-dimensionalised M-6 plane. This plane has been divided 
into three regions, namely, nominally pinned, semi-rigid and rigid. The boundaries 
between the regions are based on the loading carrying capacity of the frames. What 
follows gives details of the non-dimensionalised M-9 plane and the equations of the 
boundaries between the regions. 
In Eurocode 3, the following non-dimensional parameters are used for non- 
dimensionalising the M-8 plane. 
__M m j= 
B, 
MP' OP 
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where 
". is the relative rotation in the connection, 
9 Bp=MpI(Efb14), 
" I. and Lb are the second moment of area and length of the beam, respectively and 
" MP is the full plastic moment capacity of the beam. 
For consideration of stiffness, the equations for the boundaries between rigid and semi- 
rigid regions are chosen so that the deformations of the connection do not reduce the 
resistance of the structure by more than 5%. In addition, Eurocode 3 differentiates 
between performance requirements for connections in braced and unbraced frames. 
The boundaries for the classification of beam-to-column connections are shown in 
Figure 8-14. 
The boundaries are defined as follows: 
1. Boundary between rigid and semi-rigid regions 
9 For unbraced frames: 
When m <2/3 then m <25 0 
When 2/3<N<1.0 then W< 
250+4 
7 
" For braced frames 
When m <2/3 then m <8 9 
When 2/3<m <1.0 then N<- 
200 +3 
7 
2. Boundary between semi-rigid and pinned region: A beam-to-column connection 
may be classified as nominally pinned if its initial rotational stiffness Rkj satisfies the 
condition 
Rý, 5 
FJe 
2Lb 
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Figure 8-14: Classification of connections according to Eurocode 3 [40] 
8-3-2 Classification System by Bjorhovde 
Bjorhovde et al [ 15] proposed a classification system that uses a reference beam length 
of 5d to define the beam stiffness where d is the depth of the beam. The non- 
dimensional parameters used in the classification of the connections are the same as 
those in Eurocode 3, but 9,, is defined as 
9p=M, /(EIb/5d) 
The classification is based on the strength and stiffness of the connections with three 
different regions that are shown in Figure 8-15 and defined as follows: 
1. Rigid connection 
in terms of strength: ni >_ 0.7 
in terms of stiffness: m>2.59 
2. Semi-rigid connection: 
in terms of strength: 0.7 >m>0.2 
in terms of stiffness: 2.59 >m>0.58 
3. Simple connection: 
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in terms of strength: m<0.2 
in terms of stiffness: m <_ 059 
In addition, Bjorhovde proposed an expression for calculating the rotation capacity of 
the connection based on calibration with test data. This simplified expression is written 
as 
5.4-29 
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Figure 8-15: Classification of connections according to Bjorhove et al [15] 
In order to evaluate the appropriateness two classification systems using the results of 
the parametric study of section 8-2, a MERO joint has been selected, as shown in 
Figure 8-16. This connection is a ball jointing system used extensively in double-layer 
grids. Study of a number of experimental results [28] on the moment-rotation 
behaviour of ball joints by the author shows that the connection parameter c for this 
kind of joint is in the range between 1.5 and 1.9. The connection parameter c for the 
joint in Figure 8-16 is 1.6. 
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Figure 8-16: Details of MERO jointing system that is used for obtaining the moment- 
rotation behaviour 
Figure 8-17 shows the result of the classification recommended by Eurocode 3. The 
connection category for minimum and maximum slenderness ratio, that is, A. =40 and 
X=120 is shown. According to Eurocode 3 the connection is classified as a semi-rigid 
joint. The figure also indicates that the decrease in slenderness ratio causes connection 
behaviour to tend to the flexible region. Indirectly, it confirms the fact that although, 
for small slenderness ratio, the effect of the connection is small, the tendency is 
towards the lower bound this connection category. 
The connection is also classified using the Bjorhovde method. As seen in Figure 8-18, 
the initial part of the connection behaviour is flexible and subsequently is semi-rigid. In 
other words, when the rotational deformation of the connection is small (0 <_ 0.007 
rad) the connection belongs to the flexible region but for greater values it is semi- 
rigid. This reflects the fact that for service load the connection can be considered to be 
pinned joint. 
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Figure 8-17: Classification system recommended by Eurocode 3 for the connections 
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8-4 Proposed Classification System 
The main problems in connection classification are 
" defining the boundaries between the regions and 
" estimating the connection rotations in particular structures 
In general, the boundaries are problem dependent. The following conditions can have 
significant effects on the boundaries between the regions: 
" element properties, 
" structural forms and specifications and 
" static and dynamic behaviour of the structure. 
A simple way to classify a connection is to quantify the connection behaviour based on 
its moment-rotation characteristics. In order to quantify the connection behaviour, four 
important characteristics should be considered as follows: 
9 initial stiffness, 
" ultimate moment capacity, 
" energy absorption and 
" ductility. 
These characteristics are shown in Figures 8-19a to 8-19d and are sufficient to 
characterise the connection behaviour in most cases. 
Without non-dimensionalising the characteristic values, they cannot be used for 
categorising the connection type. The connection category strongly depends on the 
attached element properties and the magnitude of deformation that it undergoes. 
Therefore, classification of a connection by considering only its behaviour will not give 
rise to practical and acceptable results. In other words, connection characteristics 
should be compared with reference values. These reference values can be the 
properties of the attached elements or values based on prior knowledge . Here, a 
combination of these values is used. 
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In order to take into account the properties of the elements that are attached to the 
connection, the connection characteristics may be normalised with respect to the 
attached element properties. Since the magnitude of the bending moment in a 
connection depends on the rotation in the connection, the transmitted moment is 
considered instead of the ultimate moment capacity of the connection. Three important 
characteristics for a connection can be defined as follows. 
" Initial stiffness 
" Moment transmission 
" Energy absorption 
A connection can be characterised by a vector Vc as follows 
Vc=[k,,,, Mrn, Eabn ]T (8-2) 
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(a) Initial stiffness (k; ) 
M 
where 
k;., M. and Ed, fl are the normalised values of 
k;, MM and Eab, respectively. The 
normalised values can be obtain from the following formulae: 
k; = xa tan(kt 
(8-3) 
u 
M., M, /Mp and (8-4) 
Eabn Eab"(Mpx9J. (8-5) 
Mu is the ultimate moment capacity of the connection, Mp is the plastic moment 
capacity of the attached beam and 9r is the possible rotation at the connection. 
Vector Vc for pinned and rigid joints will be as follows: 
1. Vp=[0.0 0.0 0.0]T for a pinned joint 
2. VR=[1.0 1.0 1.0]T fora rigid joint 
Now by using the Euclidean distance of the vector Vc from vector VP, it is possible to 
map vector Vc to a scalar. This scalar is referred to as the connection coefficient' Jc 
and is defined by 
Jc(Vc-Vp)T(VC-Vp)/'V 3 (8-6) 
Knowing the coefficient of connection Jc, a connection can be classified as follows 
" if Jc=0.0 the joint is pinned 
" if Jc=1.0 the joint is rigid 
" if 0. O<Jc <1.0 the joint is semirigid 
Figure 8-20 shows the domain of each type of connection. This classification is 
mathematically accurate and it can recognise the connection situation from limit points. 
As seen in the Figure 8-20, the semi-rigid domain is very wide and the value of Jc gives 
some feeling for the condition of the connection. 
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The whole range of Jc except for the two limiting conditions, that is, Jc=0.0 and 
Jc=1.0, belongs to the semi-rigid joint domain. In practical terms this classification will 
not be very useful unless somehow the behaviour of the attached element or the 
structure is taken into account in the classification. For example, if there are two kinds 
of connection with Jc=1.0 and Jc=0.8 and their behaviour gives rise to the same effect 
on the element or the structure then this implies that the two connections can be 
categorised as being in the same class. Therefore, it would seem that a better method 
of classification of connections can be based on considering the effect of the 
connection on the elements or structural performance. In doing so, it is necessary to 
define the domain of each region (flexible, semi-rigid, rigid) based on the structure 
behaviour. 
The choice of the possible rotation, 0,, in the connection is important and depends on 
the structure form, conditions and loading. For the evaluation of 0,, two equations that 
are based on the properties of the attached elements are used. These equations, based 
on Eurocode 3 and Bjorhovde's suggestions as well as the results of a large number of 
analyses by the author, confirm that the rotations obtained from Equations 8-7 and 8-8 
correspond to semi-rigid connections in space structures. The equations are: 
9r--- 
LEf6 
° (8-7) 
fir= 
b 
(8-8) 
Lb, It, and d are the second moment of area, the length and the depth of the beam, 
respectively. Eis the Young's modulus and M, is the plastic moment capacity of the 
attached element. Approximate mean values of a for a range of universal beams to 
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BS4 and circular hollow sections to BS4848 have been given in Table 8-1. For 
evaluating 0, Lb is considered to be 24x d. 
Table 8-1 
Beam Type 0, (rad) 
Equation (8-7) Equation (8-8) 
universal beams to BS4 0.058 0.012 
circular hollow sections to 
BS4848 
0.07 0.0147 
Where 6, is chosen to be 0.015 and 0.05. The moment-rotation curves used in the 
parameteric study are shown in Figure 8-21. The elements of Vc and the value of Jc 
are based on the moment-rotation curves and 0, =0.015 and 0.05 were calculated and 
used as the basis of Tables 8-2 and 8-3. The variations in the elements of Vc and the 
value of Jc with respect to the connection parameter are also given in Figures 8-22 and 
8-23. 
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Figure 8-21 
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Table 8-2 (6r=0.015 rad) 
c Vc 7c 
kin m Eabn 
pinned 0.0000 0.0000 0.0000 0.0000 
-1.2 0.0003 0.0005 0.0002 0.0004 
-0.8 0.00075 0.0012 0.0006 0.0009 
-0.4 0.00189 0.0030 0.0015 0.0022 
0 0.00473 0.0076 0.0038 0.0056 
0.4 0.01189 0.0194 0.0096 0.0143 
0.8 0.02985 0.0508 0.0249 0.0369 
1.2 0.07469 0.1322 0.0650 0.0954 
1.6 0.18324 0.3072 0.1609 0.2264 
2 0.40707 0.5552 0.3338 0.4417 
2.4 0.68709 0.7687 0.5451 0.6733 
2.8 0.86632 0.8943 0.7273 0.8325 
3.2 0.94611 0.9538 0.8508 0.9181 
3.6 0.9785 0.9792 0.9227 0.9605 
4 0.99069 0.9897 0.9608 0.9805 
Ri 'd 1.0000 1.0000 1.0000 1.0000 
Table 8-3 (8t=0.05 rad) 
c vc Jc 
k,  m EQe 
Pinned 0.0000 0.0000 0.0000 0.0000 
-1.2 0.0001 0.0016 0.0008 0.0010 
-0.8 0.0025 0.0040 0.0020 0.0030 
-0.4 0.0063 0.0101 0.0050 0.0074 
0.0 0.0158 0.0261 0.0128 0.0191 
0.4 0.0360 0.0684 0.0334 0.0486 
0.8 0.0988 0.1746 0.0868 0.1262 
1.2 0.2383 0.3799 0.2062 0.2850 
1.6 0.4960 0.6290 0.3980 0.5164 
2.0 0.7566 0.8164 0.6065 0.7318 
2.4 0.8988 0.9179 0.7716 0.8652 
2.8 0.9600 0.9641 0.8775 0.9347 
3.2 0.9840 0.9835 0.9372 0.9685 
3.6 0.9940 0.9914 0.9682 0.9846 
4.0 0.9980 0.9946 0.9834 0.9920 
Rigid 1.0000 1.0000 1.0000 1.0000 
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Figure 8-24 shows the variations of buckling load from the parametric study discussed 
in section 8-1 versus the connection parameter c. It can be seen that the increases in 
the buckling load associated with the more rigid end-restraint are much smaller for 
stockier column (X<_60) than for the more slender one (?, >120). The information 
obtained from Figure 8-24 provides prior knowledge for the classification of the 
connections with respect to column behaviour. The classification of the connection in 
relation to the element behaviour is given in Figures 8-25 and 8-26 for the connection 
with c=1.6 and 6b=0.015 and 0.05. From these figures the following results can be 
deduced: 
" The connection is semi-rigid, irrespective of the column behaviour. 
" Although the buckling loads for the column with X=40 for pinned, semi-rigid and 
rigid joints are the same, the lower bound was chosen and the connection classified 
as pinned. 
" The connection for the column with X=60 is classified as pinned. 
" The connection for the columns with 60 <X< 120 should be classified as semi- 
rigid. 
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Figure 8-24: Variations of buckling load with respect to the connection parameter 
and different slenderness ratios 
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8-5 Concluding Remarks and Discussion 
Information available for decision making can be divided into objective and subjective 
parts [17]. Objective information relates to quantitative information from actual 
structures while subjective information is concerned with the experience and intuition 
of the engineer. More often than not, a range of objects encountered in the real world 
can not be accurately located in a particular group. Connections in structural 
engineering are an example of this. In fact, connection classification is subjective. 
Any classification system which is merely based on the behaviour of the isolated 
connection is not acceptable. A connection may be classified as pinned connection 
based on its structure performance under service load and as semi-rigid for ultimate 
load. Also, a connection may be considered pinned in a double-layer grid but semi-rigid 
in a shallow dome. 
It is the designer's responsibility to decide 
" where pin connections are adequate, 
" where rigid connections are appropriate and 
" when methods that include calculation of the deformations of semi-rigid connections 
can be used to advantage. 
However, in making this decision and carry out the design, suitable guidance should be 
given, particularly with respect to the practical lines of demarcation between the 
classes and the dominant requirements of each class. 
Two classification systems, that is, Eurocode 3 and that by Bjorhovde provide some 
guidance for the classification of beam-to-column connections. These classification 
systems use moment-rotation characteristics as a basis for the classification by both 
moment resistance and rotational stiffness. The classification system by Bjorhovde is 
intended for the cases where prior knowledge of the member details is not available. 
On the other hand, Eurocode 3 proposes a classification system which is based on the 
load carrying capacity of the frames. Bjorhovde's classification system also specifies 
the required rotation capacity of a connection, but this is not considered in Eurocode 
3. The study in this chapter shows that boundaries between regions in the two 
classification systems (Eurocode 3 and Bjorhovde) are rather too strictly defined in 
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terms of structural behaviour and also that the two classification systems are not, in 
effect, identical. 
In space structures, the effect of connection classification can have two consequences. 
1. It allows designers to choose suitable assumptions for analyses to allow for 
connection behaviour. 
2. In the analysis of a space structure, if the type of connection does not have a 
significant effect on the structure behaviour then the structure can be considered as 
a pin jointed structure. This facilitates the analysis. This is particularly useful in large 
space structures where the number of degrees of freedom is large. 
The main purpose to connection classification is to define the boundaries between 
rigid, semi-rigid and flexible (pinned) regions. A methodology for the classification of 
connections in space structures has been proposed by the author in this chapter. The 
proposed classification method uses floating boundaries that give more flexibility to the 
classification. In this technique a value is assigned to the connection. This value is 
based on the three basic characteristics of a connection (initial stiffness, moment 
transmission and energy absorption of the connection) that are the components of a 
vector. The length of this vector represents the connection characteristic. Although the 
weight of each element of the vector is considered to be equal, it is possible to consider 
different weights for them. A key consideration in this technique is how knowledge 
based data are attained for decision making strategies. As discussed before, if the 
structure performance is governed by member behaviour the important criteria are the 
element slenderness ratio and the member buckling behaviour. Depending on the type 
of structure and the stage of design, different effective criteria may be used. 
" For single layer dome structures, the ratio of span to rise can be a good criterion for 
studying connection effects. As the studies of the author show, the sensitivity of the 
single layer grid dome to connection behaviour is governed by the ratio of span to 
rise. The larger the ratio the greater the effect of connection semi-rigidity will be. 
" The other criterion can be based on the natural frequency of the structure. 
Logically, the structure that is more sensitive to the connection semi-rigidity is a 
structure for which the pinned response is unstable. The ratio of the natural 
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frequencies of a structure with pinned joints and rigid joints can be a very good 
criterion for decision making. This ratio is between zero and one. 
Further research is needed to categorise the important criteria in order to complete the 
state of knowledge and consequently to give more accurate guidance to designers. 
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CHAPTER 9 
CONCLUSIONS 
9-1 Introduction 
The primary aim of the research was to study the behaviour of semi-rigidly jointed 
space structures. To begin with, the following questions were posed: 
1. What is meant by a semi-rigid connection? 
2. Why connections should be considered semi-rigid? 
3. In what circumstances the semi-rigidity of connections is important? 
4. How can the semi-rigidity of connections be taken into account in the analysis? 
5. How can connection behaviour be predicted? 
6. How does a connection behave under monotonic and cyclic loads? 
7. What are the effects of semi-rigid connections on structural performance? 
8. Why is the connection behaviour uncertain, how can it be studied and what is its 
effect on structural performance? 
9. How can a connection be classified? 
This thesis is an account of an attempt to provide answers to the above questions. 
Although, a considerable amount of research has been carried out in the past in relation 
to the semi-rigidity of beam-to-column connections, the problem of space structure 
jointing systems remains mainly untackled. The characteristics of space structure 
jointing systems are as follows: 
" The number of connections in a space structure is normally large. 
" The connections in the majority of space structures are prefabricated. 
" The load transfer mechanisms and load combinations in the connections in a space 
structure are different from those for beam-to-column connections. 
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The summary of the work carried out in the present research together with the 
conclusions reached are given below. 
9-2 Prediction of Connection Behaviour 
In order to develop suitable techniques for prediction of connection behaviour, three 
different methods, namely, a model based on a mathematical expression, finite element 
and system identification techniques were utilised. 
An exponential mathematical model for prediction of the moment-rotation behaviour 
of semi-rigid connections in space structures has been proposed. The following can be 
concluded from the performance of the proposed model. 
" The parameters of the proposed model can be obtained in a simple manner using 
analytical and experimental methods. 
" The proposed model has a good capability for simulating the behaviour of a joint 
where the joint exhibits elastic-plastic hardening characteristics with the curve 
flattening out near the final stage of loading. This type of behaviour is quite 
common in space structure jointing systems. 
" The validity of the proposed model has been verified using a number of 
experimental results. The model has been found to perform well for ball and socket 
joints. 
" In contrast with some other proposed mathematical models found in the literature, 
the model presented in this thesis has two important advantages; (1) it has only two 
parameters related to the mechanical properties of the connection and (2) there is 
good agreement between the initial stiffness of the connection compared with the 
actual test result. In other proposed mathematical models there are normally more 
than three parameters, some of which can be obtained by curve fitting techniques. 
Also, it has been found that, in the case of the other mathematical models, there can 
be significant differences between the predicted initial stiffness of the connection 
and experimental results [15]. 
A two-dimensional finite element model was used for the analysis of a MERO jointing 
system. From the results of the analysis the following comments can be made. 
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"A two dimensional finite element model can predict connection behaviour up to the 
ultimate moment capacity, provided that the components of the connection and 
their material behaviour are modelled properly. 
" To obtain detailed information about the behaviour of a connection and the 
interaction between forces and moments, three dimensional modelling is necessary. 
Three new techniques based on system identification were used to obtain the 
connection stiffnesses. These techniques include the function approximation method, 
neural networks and genetic algorithm. The following conclusions can be reached from 
the results of the application of these methods. 
" The function approximation technique provides a simple method for estimation of 
connection characteristics from a natural frequency test for a semi-rigidly jointed 
space structure. 
" The use of a neural network in the identification of the degree of semi-rigidity of the 
connections was also successful. Here, the identification was based on information 
about the natural frequencies of a structure for pinned, semi-rigid and completely 
rigid cases. Since, the main feature of a neural network is that it has to be trained, 
the training was achieved by feeding a suitable neural network with examples. The 
trained neural network was then used to predict the degree of semi-rigidity of the 
connections. The present work, however, does not really go any further than a 
study of the feasibility of the approach. Much work remains to be done in this area. 
In particular, it would be of interest to investigate the effects of including 
information about a wide variety of space structures in the training set. Also, there 
would be value in examining the attainable additional accuracy if the training set is 
exclusively related to a specific family of space structures rather than being general. 
" Genetic algorithm as a global search technique has been used to minimise the 
differences between the results of the mathematical model for a semi-rigidly jointed 
space structure and dynamic tests. The genetic algorithm allows not only the 
evaluation of axial, shear and rotational stiffnesses of the connection but also the 
coupling effects between them. Having suitable experimental data, allows the use of 
the genetic algorithm to find the linear and non-linear behaviour of the connections 
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successfully. This method can be an effective technique for the identification of the 
semi-rigidity of connections. 
9-3 Experimental Study 
A test procedure has been presented that enables reliable testing of a space structure 
jointing system by applying different combinations of axial force and bending moment 
to the connection. From the experimental results, it has been found that the 
compressive axial force has three important effects on the moment-rotation 
characteristics, as follows. 
" It increases the initial slope of the moment-rotation curve with the reduction in the 
stiffness occurring more slowly to begin with but increasing more rapidly 
afterwards. 
" It decreases the ultimate moment capacity of the connection. 
" It gives rise to softening of the connection behaviour. 
A mathematical model has been proposed for the prediction of the moment-rotation 
behaviour of connections including axial force effects. With this mathematical model, it 
would be possible to determine the effects of axial forces on the behaviour of space 
structures using finite element analysis. The mathematical model is valid until the force 
distribution curve reaches the limit surface. The force distribution curve cannot move 
beyond the limit surface. As additional load is applied to the connection, the 
incremental forces move tangentially to the limit surface and softening in the 
connection behaviour occurs. 
9-4 Non-linear Analysis of Semi-rigidly Jointed Space Structures 
In order to perform non-linear analysis of semi-rigidly jointed space structures, a three 
dimensional connection element has been defined and incorporated into a general 
purpose finite element program. The assumed stiffness matrix for this element is a 
diagonal matrix in which the diagonal elements are the tangent stiffnesses of the 
constitutive relationship curves for different degrees of freedom. This three 
dimensional element allows: 
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" modelling of offset, eccentricity, slip and looseness in the connection, 
" modelling of interaction between axial force and bending moment and 
" modelling of cyclic behaviour of the connection based on a proposed mathematical 
model for steady and non-steady state hysteresis responses. 
The following comments can be made in relation to the connection element. 
9 The hardening behaviour of the connection under compressive axial force effects 
can be simulated by the mathematical model and the softening behaviour can be 
estimated from the limit surface of the axial force and bending moment diagrams. 
" The main difference between the proposed hysteretic model for non-steady state 
and the proposed cyclic models in the literature is in the length of the elastic 
unloading and the control on reloading and loading paths via the normalised 
decreasing function. 
" Comparison of the connection element results with benchmark problems confirms 
the efficiency and reliability of the connection element. 
" The connection element allows convenient modelling of all aspects of the behaviour 
of connections. 
" As the connections are taken as independent elements, the number of nodes and 
elements will be increased. This problem can be overcome by using the static 
condensation technique. 
9-5 Effects of Semi-rigid Connections on Space Structure Performance 
The effects of different aspects of connection semi-rigidity on space structure 
behaviour have been investigated. The following comments can be made based on the 
results of static non-linear analyses and natural frequency analyses of semi-rigidly 
jointed grid domes. 
" The behaviour of a semi-rigidly jointed space structure lies between the extremes of 
absolute rigidity and absolute flexibility provided that the semi-rigidity of the 
connection is due to flexural deformability. 
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" The patterns of the variation of internal forces and displacements depend on the 
sensitivity of the structure to the semi-rigidity of the connections. 
" Shallow domes are more sensitive to semi-rigidity of connections with flexural 
deformability. 
" The natural frequencies of a structure, especially the fundamental natural frequency, 
are more sensitive to the degree of semi-rigidity of the connections than internal 
forces and displacements obtained from static analysis. 
The effects of the axial deformability of the connections on two foldable dome 
structures were investigated. The force-deformation characteristics of the connections 
were included in the analysis. The numerical results show that allowing for connection 
deformability in the analytical model produced a maximum difference between 
experimental and analytical results of about 10%. This difference is small in 
comparison with results which do not allow for connection effects where the minimum 
difference between the experimental and analytical results is about 35%. 
In order to investigate the effects of joints on the collapse behaviour of foldable 
domes, two full non-linear analyses were undertaken. Three main conclusions can be 
drawn from this part of the study. 
1. In the modelling of the connection behaviour in structural analysis, not only flexural 
deformations may have significant effects on the structural behaviour but also the 
axial deformations could have important influences on performance. 
2. In contrast to the case of semi-rigid connections with flexural deformability, the 
lower limit of the behaviour for a structure with semi-rigid connections with axial 
deformability is not deterministic. As a consequence, axial deformability may 
decrease the capacity of the semi-rigidly jointed structure significantly. 
3. Ignoring the effects of connections on the structural performance has two important 
consequences, namely, 
" the required safety margin may be excessive and/or 
" the resulting design may be uneconomical. 
The safety margin can be more accurately defined if the effects of the connections are 
taken into account in the analysis. Improving the connection characteristics gives rise 
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to better use of the structural elements and consequently cost-effectiveness in 
structural design. An example of this was shown in the case of foldable domes. It was 
found that by improving the connection performance, the ultimate load capacity of the 
domes was increased by more than 100%. In fact, severe axial deformabilty of the 
connections was responsible for the beam elements not being utilised fully. 
The effects of axial force-bending moment interaction on the behaviour of a toggle 
frame were investigated. It was found that, although the compressive force increases 
the connection stiffness initially, it has no significant effect on the behaviour of the 
toggle. However, significant effects of axial force occur after the limit point. This 
indicates that the kinetic energy increases after post-buckling, i. e. the axial force causes 
the release of more energy after post-buckling and consequently increases the 
probability of sudden failure of the structure. 
A preliminary study of the effects of proportional and non-proportional loading on 
semi-rigidly jointed space structures has been undertaken. Although the behaviour of 
most semi-rigid connections is non-linear from the initiation of loading, the source of 
non-linearity in the structural response is not only related to the semi-rigid 
connections. In general, if the contribution of the semi-rigid connections to the 
structural non-linearity is not significant, then the difference between the effects of 
proportional and non-proportional loadings on a semi-rigidly jointed space structure is 
insignificant. Normally, in non-proportional loading, a number of connections are 
involved in elastic unloading. However, this unloading phenomenon is absent in the 
case of proportional loading. It turns out that the need to consider non-proportional 
loading depends on the nature of the elastic unloading. If the unloading is non-linear, 
then there will be a major differences between the results of proportional and non- 
proportional loading. Otherwise the difference may be marginal. 
9-6 Effects of Uncertainties in Connection Behaviour on Structural 
Performance 
The sources of uncertainties in relation to connection behaviour have been discussed. 
Two major sources of uncertainty in the connections have been identified, namely, 
1. uncertainties associated with the representation of the connection model and 
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2. uncertainties associated with quantifying the behaviour. 
The second type of uncertainties have been studied in the present research. The 
effects of connection uncertainties on the performance of structures have been 
considered in two stages. Firstly, it was assumed that the uncertainties in the 
connection characteristics are of the interval type. Secondly, it was assumed that the 
distribution of the connection uncertainties in the structure is random rather than 
deterministic. These two types of uncertainties have been considered in the analyses. 
Finally the effects of connection tightness on a grid dome were studied. From the study 
the following conclusions were reached: 
" The variation of limit bounds for the response of a structure is in accordance with 
the connection characteristic bounds. 
" The prediction of the behaviour of a dome in the presence of uncertainties in the 
connection behaviour gives rise to a region of uncertainty rather than a fixed result 
" All the connections in a structure do not have identical effects on the performance 
of the structure. The effects of uncertainties in critical connections can be more 
severe. Critical connections are connections that undergo more deformation during 
the loading process and any weaknesses in these connections may lead to dramatic 
changes in the behaviour of the structure. Further studies need to be carried out to 
determine the effects of uncertainties of critical connections on structure 
performance. 
0 Uncertainties in connection characteristics are fuzzy. Further studies need to be 
carried out to explore this further. 
" studying uncertainties in connection representation and performance gives 
information on how sources of uncertainties in connection characteristics can be 
reduced. 
9-7 Connection Classification 
Two classification systems, namely Eurocode 3 and Bjorhovde, were assessed for use 
in space structure jointing systems. The study shows that boundaries between the 
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regions in the two classification systems are too strictly defined in terms of structural 
behaviour and also that the two classification systems are not, in effect, identical. 
In space structures, the effect of connection classification can have two consequences. 
1. It permits designers to choose suitable assumptions for analysis to allow for 
connection behaviour. 
2. In the analysis of a space structure, if the type of connection does not have a 
significant effect on the behaviour then the structure can be considered to be pin 
jointed. This is particularly useful in large space structures where the number of 
degrees of freedom is large. 
The main purpose of connection classification is to define the boundaries between 
rigid, semi-rigid and flexible (pinned) regions. A methodology for the classification of 
connections in space structures has been proposed in this thesis. The proposed 
classification method uses floating boundaries that give more flexibility to the 
classification. In this technique a value is assigned to the connection. This value is 
based on the three basic characteristics of the connection, namely initial stiffness, 
moment transmission and energy absorption. These are considered as the components 
of a vector whose length is the value representing the characteristics of the connection. 
Although the weight of each element of the vector is considered to be equal, it is 
possible to consider different weights for them. A key consideration in this technique is 
how knowledge based data are attained for decision making strategies. For example, if 
the structure performance is governed by member behaviour, the important criteria are 
the element slenderness ratio and the member buckling behaviour. Depending on the 
type of structure and the stage of design, different effective criteria may be used. 
" For single layer dome structures, the ratio of span to rise can be a good criterion for 
studying connection effects. As the studies of the author show, the sensitivity of the 
single layer grid dome to connection behaviour is governed by the ratio of span to 
rise. The larger the ratio the greater the effect of connection semi-rigidity will be. 
" The other criterion can be based on the natural frequency of the structure. 
Logically, the structure that is more sensitive to connection semi-rigidity is a 
structure for which the pinned response is unstable. The ratio of the natural 
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frequencies of a structure with pinned joints and rigid joints can be a good criterion 
for decision making. This ratio is between zero and one. 
9-8 Recommendations for Further Research 
The range of research in the field of semi-rigid connections in space structures is vast 
and has a number of areas where virtually no information is available. Some relevant 
research topics for further study are listed below: 
" Characterising the behaviour of different types of space structure jointing systems, 
analytically and experimentally; 
" Investigating the shape of the limit surface for the axial force-bending moment 
interaction; 
" Studying the interaction between a tensile axial force and a bending moment in a 
semi-rigid connection ; 
" Studying the interaction between axial force and bi-axial bending moments in a 
semi-rigid connection; 
" Developing a three-dimensional finite element modelling scheme for space structure 
jointing systems in order to study the connection behaviour under combined forces 
and moments; 
" Studying the cyclic behaviour of space structure jointing systems; 
" Identification of the non-linear stiffness matrix for a connection under monotonic 
and cyclic loading using genetic algorithm; 
" Studying the contribution of the energy absorption of semi-rigid connections in a 
structure in both elastic and plastic ranges; 
" Studying the dynamic behaviour of semi-rigidly jointed space structures 
experimentally and analytically; 
" Studying the effects of localised damage of a connection on structural performance; 
" Studying the effects of sudden slipping out of bolted connections on the structural 
performance; 
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" Studying the effects of semi-rigid connections in progressive collapse; 
" Studying the effects of uncertainties associated with the modelling of the 
connections; 
" Characterising the sensitivity of space structures to semi-rigidity of connections; 
" Characterising space structures whose non-linear behaviour is mainly due to non- 
linearity of the semi-rigidity of the connections; 
" Exploring the benefits of senli-rigid connections for space structures, especially 
under seismic loading. 
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APPENDIX 1 
SPACE STRUCTURE JOINTING SYSTEMS 
The connector is the most important part of any prefabricated system and the 
commercial success of any system relies directly on its effectiveness and simplicity. The 
type of joint depends primarily on the connection techniques. Bolting or welding would 
require different joints. The form of the joint is also affected by the shape of the 
members connected together. The use of hollow sections, structural tees, angles or 
wide flange members each involve different connection types. 
Numerous types of connector have been proposed for space structures. Any attempt to 
produce a universal connector suitable for all types of structures has resulted in 
complexity in practical application. 
This appendix gives a brief introduction to three main types of space structure jointing 
systems, namely, 
" nodular, 
" modular and 
" compositive jointing systems [138]. 
Nodular Systems 
The most popular type of space structure jointing system is the nodular system. The 
basic components of a nodular system consist of nodes and members. Nodular systems 
can be categorised, based on the components of the joints and the connection 
mechanisms, into the following systems: 
" ball jointing systems, 
9 socket jointing systems, 
" plate jointing systems, 
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" slot jointing systems, 
" shell jointing systems and 
" other nodular systems. 
Ball Jointing Systems: The components of a ball jointing system consist of a ball, 
connector mechanisms and members. The MERO jointing system is one of the oldest 
proprietary ball jointing systems available having been developed in Germany in 1940 
[7]. The system consists of tubular steel members and nodes. Examples of the MERO 
jointing system are shown in Figure Al-1. In these figures the numbers inside the 
circles show the following components: 
1. spherical node, 
2. disc node, 
3. tube element, 
4. cone or end plate of tube member, 
5. connection bolt, 
6. hexagonal bolt, 
7. sleeve, 
8. flexure transmitting sleeve and 
9. dowel pin. 
The tubes are connected to the node by means of a cone welded to the end of the tube 
through which a high tensile bolt is screwed into the node by means of a sleeve. The 
dowel pin is used to constrain the bolt to the sleeve in order to allow turning of the 
bolt. Figure Al-la shows a MERO joint with spherical steel ball. Figure Al-lb 
represents a MERO joint with bending resistant inter-connections between members, 
for single-layer curved structures. Figure Al-lc depicts a MERO joint with the disc 
node used for single-layer curved structures. Finally, Figure Al-ld shows a MERO 
jointing system acting compositely with a reinforced concrete slab. 
Ball jointing system have been used for covering large areas successfully as single layer 
or multi-layer grids. Figure Al-2 shows other typical ball jointing systems. 
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Socket Jointing Systems: A socket jointing system consists of a thick spherical shell 
that allows the insertion of the bolt into the end of the members. An example of this 
system is the NS Space Truss System (Nippon Steel) shown in Figure Al-3. It consists 
of a thick spherical shell open at the top for the bolt insertion. The steel structural 
members are provided with end cones welded at both ends of the tubes. The end cones 
have threaded bolt holes. Special high strength bolts are used to connect the spherical 
shell to the members. The bolts have hexagonal heads with spherical flanges. Other 
examples of socket jointing systems are shown in Figure Al -4. 
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Figure Al-3: NS Space Truss System 
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Plate Jointing Systems: The components of a plate jointing system consist of plate 
joints, members and fasteners such as bolts and nuts. An example of this system is the 
Unistrut system [138]. A schematic representation of the Unistrut system and details of 
the standard parts of it are shown in Figures Al-5 and Al-6. The system consists of 
standardised modular elements. The five standard parts are 
9 in-strut connector, 
" out-strut connector, 
" Strut, 
" bolt and 
" nut. 
Figure Al-6 shows the details of the standard parts of the Unistrut system. The in-strut 
connector is made from ä in thick mild steel, which is press-formed into an eight-way 
cup with holes and lugs punched as shown in Figure Al-7. The shear lugs on the 
diagonal planes are punched inwardly so that the web members can be fastened 
correctly on the inside of the cup. The out-strut connector is similar to the in-strut 
connector, except that the shear lugs are on the outside of the cup (Figure Al-8). The 
strut members are made from cold-rolled steel, shaped into channels with holes 
punched at the back of each end for the purpose of joining to the connector. The bolt 
is made from high strength steel and has a screw thread diameter of 2 in and a shoulder 
diameter of g in. The shoulder acts as a shear lug. The steel nut for the Z in bolt has a 
counterbored hole of gin diameter allowing the bolt shoulder to protrude into the nut 
when a single strut connection is made. The system is used for double-layer grids and 
thousands of schools, industrial buildings, warehouses, exhibition pavilions, etc. have 
been covered with the system. Other examples of the plate jointing system exist and 
their details have been documented in the literature [138]. 
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A 
Web member 
Web member 
Plate 
joint 
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Figure Al-5: Unistrut space-frame system 
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Figure Al-6: Details of the standard parts of Unistrut space-frame system 
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Section A-A Cord member 
Figure Al-7: Manufacturing procedure for connectors 
In-strut connector 
Strut I* Go e ago 
Figure Al-8: A typical elevation of a Unistrut space-frame 
Slot Jointing Systems: The main feature of this system is that members are connected 
together without welding, bolting or riveting. The connection involves the use of an 
extruded aluminium hub into which may be inserted members of any cross-section 
following the application of a deforming process to their ends. The aluminium 
extrusion hub contains slot keyways and the connecting members have their ends 
pressed or coined to match the slots. The members are inserted into the hub using 
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Out-strut connector 
mallets. Figure Al-9 shows the Triodetic system as an example of a slot jointing 
system. 
Web member Tube 
A 
Tube 
ember 
nt 
Retaining washer 
Tube Bolt Chord member 
B B 
NI, / Retaining' Nut 
Web member washer Slot joint 
Section A-A 
Figure Al-9: Triodetic jointing system 
Figure Al-10 shows six typical Triodetic joint configuration, whose types and 
application are as follows: 
1.8-way equal wall type used for 2-way double-layer grids, 
2.6-way equal wall type used for single-layer lamella domes, 
3.4-way equal type used for footbridges and trusses, 
4.9-way equal wall type used for 3-way double-layer grids, 
5.8-way wall type used for 2-way double-layer grids and 
6.4-way T slot narrow angle type used for long span bridge trusses. 
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(1) (2) (3) 
(4) (5) (6) 
Figure Al-10: Typical Triodetic joint configurations 
Figure Al-11 shows views of a typical member of the Triodetic jointing system. Each 
coined end can be formed at any angle to the member axis, and also any twist angles 
between both coined ends can be accommodated. 
A 4 
Tube Coin angle 
View B7 
Tube 
View C 
Coined end 1C Coined end 2 
Twist angle 
Coined end 2 Coined end 1 
ýB + 
Tube 
View A 
Figure Al-11: Views of a typical Triodetic tubular member 
Originally aluminium tubes were used for the Triodetic system, but nowadays steel 
tubes are frequently used because of their lower cost [92]. The Triodetic system offers 
high structural efficiency, low production costs and simplicity of site assembly and 
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erection [92]. Similar systems to the Triodetic system have been produced [153]. 
Figure Al-12 shows the profiles of another two types of slot joints. The A-type joint 
shown in Figure Al-12 has round slots and the B-type joint shown in Figure Al-12 has 
grip slots. 
(a) A-type 
Hole 
for bolt 
(b) B-type 
Hole 
for bolt 
Figure Al-12: Examples of two other slot joints 
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Shell Jointing Systems: An examples of a shell jointing system is the Nodus system 
[142]. Figures Al-13 and Al-14 show details of this jointing system. The Nodus 
system was introduced by the Tube Division of the British Steel Corporation in 1972. 
The system consists of two casings, which are clamped together by means of a high 
strength bolt. The bolt head is accommodated in a hexagonal recess in one half casing, 
thus leaving the exterior of the joint flush with the outside of the chord member so that 
cladding can be fixed directly onto the cords. The mating half casting has four 
protruding lugs drilled for connecting to the web members, either in line or at 45 to 
the chords, by use of the appropriate half casing. The horizontal chord members are 
butt welded to connectors having circumferential rings which lock into corresponding 
grooves in the half casings. The web members have steel forked connectors welded to 
their ends. These connect to the casings' lugs by means of headed pins, secured with 
split cotter pins. A `sealing gasket' is inserted between the half casings before clamping 
with a central bolt. Two other examples of shell jointing systems are Oktaplatte and 
SDC details of which are shown in Figures A 1-15 and A 1-16. 
Chord connector 
Centre bolt 
ý_l 
Sealing 
gasket 
Cast steel 
shell with 
lugs 
Forked 
connector 
Lug 
Cast steel shell 
Chord member 
Groove 
Fork pin 
Lug 
Wei 
Split cotter 
pin 
x'r Lug R riý 
Web nwibef 
Figure Al-13: Details of Nodus jointing system 
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Figure Al-14: Details of Nodus jointing system 
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Figure Al-15: The Oktaplatte system joint 
Tu 
SDC connector 
Figure Al-16: The SDC joint 
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Other Nodular Systems: There are a number of other nodular systems which are 
produced by different manufacturers. Figure Al-17 shows another two nodular 
systems with their details shown in the figure. 
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Modular Systems 
In contrast with the nodular systems whose basic components are nodes and members, 
in a modular system, some or all of the component parts are units that consist of two 
or more interconnected parts. Examples of modular prefabricated systems are 
" Space Deck [145], 
" Unibat [138] and 
" CUBIC [81]. 
Figure Al-18 shows the Space Deck modular jointing system. The figure includes four 
Space Deck units. Each unit is an inverted square-based pyramid consisting of an angle 
section, top tray and four diagonal or web members. The diagonals are welded to the 
corners of the tray and to a centrally disposed boss which is threaded internally to 
receive the main tie bars. A threaded cross stud is provided through the boss if 
secondary tie bars are required. An arrangement of left-hand and right-hand threads 
allows camber to be built into the structure by adjustment of the centre to centre 
distance between the adjacent bottom node points. 
Diagonal 
Top chord angles 
Bolt 
Coupler 
Boss stud 
Secondary tie bar 
Main tie bar 
Forged boss 
Figure Al-18: A view of standard 1212 Space Deck assembly 
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Figures Al-19 and Al-20 show another two modular jointing systems, namely the 
UNIBAT and CUBIC systems. 
Corner piece Top chord member 
Holes for 
HSFG bolts 
Weld 
Diagonal 
Apex 
Figure A 1-19: The UNIBAT system 
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Joint detail 
Figure Al-20: The CUBIC system 
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Bottom chord member 
Compositive Systems 
The term `compositive' is used to refer to a space structure system which has no 
specific `node piece' or `unit'. Compositive systems eliminate the use of node 
connectors and use the members themselves to effect the connection. Figure Al-21 
shows an example of a compositive system [32]. 
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(Tube 
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Chord mi 
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Chord member 
(Lipped channel) 
Chord member 
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Web member 
(Tube) 
-Ä 
-I 
A 
Figure Al-21: An example of a compositive jointing system ( Series 80 system) 
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Chord member 
(Lipped channel) 
Concluding Remarks and Discussion 
The connector is the most important part of any prefabricated system and the final 
commercial success of any system relies directly on its effectiveness and simplicity. The 
type of joint depends primarily on the connection techniques. Bolting or welding 
would require different joints. The form of the joint is also affected by the shape of the 
members connected together. The use of hallow sections, structural tee angle or wide 
flange members each involve different connection types. 
Numerous types of connector have been proposed for space structures. Any attempts 
to produce a universal connector suitable for all types of structures have resulted 
complexity in practical application. 
This chapter gives a brief introduction to three main type of space structure jointing 
systems, namely, 
" nodular, 
" modular and 
" compositive jointing systems. 
Because of geometry complexity the load transfer mechanisms is complicated in the 
above jointing systems. The performance of joints used in space structures has been the 
subject of intensive research during the last decade. The most studies have been 
concentrated on tensile or compression strength of the joints [92]. Tests showed that 
butt welded joints in steel can develop up to 100% efficiency for tensile members, but 
welding of aluminium structural alloys leads to unavoidable annealing which can 
reduce efficiency to the order of only 50%. The efficiency of bolted joints rarely 
reaches 70-75% of the strength of welded connections [92]. 
Most study on the flexural strength of the space structure jointing system have been 
carried out on the limited number of nodular systems. Attention needs to modular and 
compositive systems. 
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APPENDIX 2 
HARDENING RULES 
A hardening rule defines the motion of the yield surface during plastic loading. A 
number of hardening rules has been proposed to describe the growth of subsequent 
yield surfaces for work-hardening materials [22]. In this appendix three hardening 
models are briefly outlined. These models include 
" isotropic hardening, 
" kinematic hardening and 
" independent hardening. 
Isotropic hardening rule: The isotropic hardening rule states that the progressively 
increasing yield stresses under both tension and compression loading are always the 
same (see Figure A2-la). This hardening rule is expressed as 
gal = Io (k)I 
where k is called the hardening parameter or plastic internal variable and o is the 
stress in a simple tension test. 
In the isotropic hardening rule, it is assumed that the yield surface expands uniformly 
without distortion as plastic flow occurs. This is shown schematically in Figure A2-lb. 
In this Figure a, and a2 are assumed to be the principal stresses. The isotropic model 
applies mainly to monotonic proportional loading. 
Kinematic hardening rule: The kinematic hardening rule states that the difference 
between the yield stress in tension and that in compression remains constant (see 
Figure A2-2a). Let a denote the yield stress under a tension load, and let a denote 
the yield stress under a compression load. The kinematic hardening rule is expressed as 
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ay '(k) -a (k) = 2a 
where o,, is the initial yield stress (the initial yield stresses in tension and in 
compression are assumed equal). 
The kinematic hardening rules assumes that, during plastic deformation, the loading 
surface translates as a rigid body in the stress space, maintaining the size, shape and 
orientation of the initial yield surface (see Figure A2-2b). In Figure A2-2b, a, and cr2 
are assumed to be the principal stresses. This hardening rule is due to Prager [118] and 
provides a means of accounting for the Bauschinger effect. This model is illustrated 
schematically in Figure A2-2. For cyclic and other types of loadings where reversals 
occur, the kinematic hardening rule is most appropriate for materials which exhibit a 
pronounced Bauschinger effect. 
Independent hardening rule: The independent hardening rule states that subsequent 
yield stresses under a tension load and under a compression load are independent of 
each other (see Figure A2-3a). The plastic deformation accumulated in a tension 
loading history only affects the tension yield stress, while the plastic deformation 
accumulated under a compression loading only affects the compression yield stress. 
Thus, two hardening parameters, k` and k` are used to represent the two different types 
of plastic deformation, respectively. The independent hardening rule is expressed as 
Q=a; (k`) for a> 0 
Q=Qy(k) for a<0 
In the independent hardening rule, it is assumed that there is the possibility of 
expansion/ and translation of the yield surface (see Figure A2-3b). In Figure A2-3b, Q, 
and a2 are assumed to be the principal stresses. 
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APPENDIX 3 
MOMENT-ROTATION LINEARISATION TECHNIQUE 
In general, there are two approaches for estimating connection stiffness during 
analysis, namely, 
" using a continuous function and 
" using a piece-wise linearised variation. 
In the first approach, a function is incorporated in the analysis and during the analysis 
the function is used to evaluate the connection stiffness. In this case the function can be 
"a mathematical function, that is, F=f(b) or 
9a `neural' function. 
A neural function is a trained neural network for a specific connection which emulates 
a constitutive relationship curve. Here, the neural network is used as a function 
approximation tool based on experimental data. 
In the second approach the whole range of connection behaviour is divided into a 
number of regions and, based on the rotation magnitude, the stiffness of the connection 
is evaluated from the corresponding linear parts. An important factor related to the 
linear approximation of connection behaviour is the manner of linearisation, that is, 
" the number of divisions and 
9 the position of the selected points on the moment-rotation curve. 
From a mathematical point of view, selecting a greater amount of data gives rise to a 
better approximation but in the presence of a large number of connections the CPU 
time may be unacceptably large during the analysis. 
From a structural point of view, based on the author's experience, if two particulars of 
the connection, namely, the initial stiffness and ultimate strength are kept the same, 
then in general, there is not much difference in the structure response. In particular, for 
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serviceability and ultimate limit state design , there should not be any appreciable 
difference between bi-linear, tri-linear or multi-linear approximations. However, for 
intermediate cases, where the connection rotation is neither small nor large, and also 
for structures that are sensitive to the semi-rigidity of the connection, the manner of 
linearisation of the moment-rotation curve can be important. In order to avoid possible 
problems, when it is necessary to use linear piece-wise variations, a methodology is 
proposed that keeps the number of divisions to a minimum and gives rise to a good 
approximation of the moment-rotation curve. This method is suitable for a joint that 
exhibits elastic-plastic hardening characteristics with the curve flattening out near the 
final stage of loading The method is based on Fibonacci numbers. Leonardo Fibonacci, 
(1170-1250) was an Italian number theorist and algebraist. A Fibonacci sequence is a 
sequence of numbers 1,1,2,3,5,8,13,21,..., each of which, after the second, is the sum 
of the two previous ones. In the proposed technique, the unit rotation for a division is 
defined by 
ee = 
eMar 
ibo(i) 
i=l 
where °Max is the maximum possible rotation which normally is less than 0.12 radian 
and fibo(i) is the 1t' Fibonacci number, for example fibo(1)=1, fibo(2)=1,... and 
fibo(6)=8. 
Then the position of each point on the moment-rotation curve is calculated from 
8, = fibo(1) x A9 for the first point 
j= 
B_, + fibo(i) x A9 for other points 
Figure A3-1 illustrates this method for the moment-rotation curve. 
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Figure A3-1: Linear piece-wise divisions based on Fibonacci numbers 
To demonstrate the application of the method, consider a cantilever with a semi-rigid 
connection, as shown in Figure A3-2. The beam is connected to the support with a 
MERO joint. The beam is a tubular element with a diameter of 60.5 mm and a 
thickness of 1.6 mm. 
P 
1.4 1000 mm 301 
Figure A3-2: A cantilever beam with a semi-rigid support 
It is assumed that the moment-rotation behaviour of the connection is governed by 
-1/(101.6 x 10 1+0.5) 
M=2218.0x(1+e-2)x(e -e-2) 
and is plotted in Figure A3-3. This equation is based on the proposed mathematical 
model of Section 3-1-2. A concentrated load is applied at the free end. The connection 
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1 AO 2 AO Rotation (rad) 
behaviour is modelled based on different linearisation methods, namely, bi-linear, tri- 
linear, 7 equal divisions, 7 divisions using Fibbonachi numbers and the exact equation, 
as shown in Figure A3-3. All the models have the same initial stiffness and ultimate 
strength. 
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"" 1- Bi-linear 
"" 2- Tri-linear 
vv 3- 7 equal divisions 
c0 4- 7 Fibbonachi divisions 
3 5- Exact equation 
0 0.05 0.10 0.15 
Rotation (rad) 
Figure A3-3: Five different models for moment-rotation curves 
The load-displacement curves for the free end of the cantilever are obtained from non- 
linear analyses and plotted in Figures A3-4 and A3-5. Figure A3-4 shows the 
differences between bi-linear, tri-linear and Fibonachi's linearisation. In Figure A3-5, it 
can be seen that the Fibonachi's linearisation give results that are near those of the 
exact equation. 
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